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Compared to piloted ignition, autoignition is also a very important aspect to 
real fire development. Autoignition is a complex process that combustible 
materials are ignited spontaneously within fuel/air mixture, without 
acceleration of spark plug or independent flame. As almost all previous studies 
have focused on piloted ignition, a comprehensive study on fire behaviors of 
different types of combustible materials under autoignition conditions is 
urgently needed. Therefore, fire behaviors of four types of combustible 
materials, including wood, non-charring, charring and intumescent polymers, 
were investigated under autoignition conditions both experimentally and 
numerically. This study contained three parts. 
 
In the first part, six species of wood, including pine, beech, cherry, oak, maple, 
and ash, were studied experimentally under autoignition conditions in a cone 
calorimeter. No obvious trend of autoignition temperature was observed when 
moisture content increased from 0 to 0.11. This is different to piloted ignition 
temperature which increases with a higher moisture content. Experimental 
results showed that autoignition temperature decreased under a higher heat 
flux, and the influences of sample thickness on ignition temperature were 
observed insignificant. It was also indicated that sample thickness had limited 
impact on peak CO release rate, but time to peak was postponed with a higher 
thickness and moisture content. Empirical models were developed for the first 
time to predict autoignition time, average mass loss rate, time at 50% mass 
loss, and CO yield of wood samples with various moisture contents under 
autoignition conditions. 
 
In the second part, fire behaviors of six species of polymers, including HDPE, 
PP, PMMA, ABS, PET and PC, were investigated experimentally under 
autoignition conditions in the cone calorimeter. Experimental results indicated 
-xi- 
 
that autoignition time of charring polymers were observed more sensitive to 
heat flux compared to non-charring polymers. It was also noticed that 
non-charring polymers showed higher fire risk than charring polymers. Heat 
release rate of non-charring polymers increased much significantly when 
sample thickness and heat flux rose. Ignition methods were found significant 
to combustion efficiency of non-charring polymers, but their influence on 
charring polymers was observed insignificant. Experimental results indicated 
that both CO and CO2 yields increased significantly when non-flaming 
combustion transitioned to flaming combustion. An empirical model was 
developed to predict thermal thickness of polymers under heat flux. 
 
In the third part, a new mathematical model, FiresCone, was developed to 
simulate pyrolysis and combustion processes of four types of combustible 
materials, including wood, non-charring, charring and intumescent polymers. 
FiresCone has considered as many fire processes as possible to improve the 
modeling accuracy and expand its application. Both solid and gas phases were 
included in the modeling. In the solid phase, a one-dimensional domain was 
considered to simulate pyrolysis processes within combustible materials. In 
the gas phase, two-dimensional Navier-Stokes equations were adopted to 
simulate combustion processes of gas volatiles which were exhausted from the 
solid phase. Sensitivity analysis of FiresCone was conducted to address 
modeling responses to input parameters. FiresCone was validated by 
experimental results from the first two parts of this study. Predictions of mass 
loss rate agreed well with experiments for these four types of combustible 
materials with different thicknesses under various heat fluxes. In addition, 
FiresCone was shown to be able to predict: (i) Temperature within PMMA 
slab were different with other opaque and charring materials. This obeyed well 
with its characteristics of low absorption coefficient and no residue after 
burning; (ii) In the gas phase, mass fractions of O2 in most area except area 
-xii- 
 
above sample surface were at ambient value. This was consistent with its 
structure that fresh air can enter from both bottom corners; and (iii) Mass 
fractions of CO and CO2 showed similar contours with temperature. This 
corresponded with the characteristics of exothermic combustion reactions of 
gas volatiles. 
 
Several contributions have been made in this study: (i) Relationships between 
fire behaviors and known variables were identified for wood slabs under 
autoignition conditions, which filled the gaps of research on autoignition; (ii) 
Relationship of autoignition time under 50 and 75 kW/m2 heat flux were 
identified for both non-charring and charring polymers. This is significant not 
only to fire risk evaluation of polymers, but also to performance-based design 
of buildings; (iii) An empirical model was developed to predict thermal 
thickness of polymers under autoignition conditions. This empirical model 
simplified the prediction of thermal thickness of polymers by using known 
variables; and (iv) This study also corrected the misunderstanding that CO and 
CO2 yields of polymers are dependent on mass percent of carbon. 
 
Moreover, a new mathematical model, FiresCone, was developed to simulate 
pyrolysis and combustion processes of combustible materials under external 
heat flux. FiresCone is capable of simulating fire behaviors of combustible 
materials in both solid and gas phases. The generality of FiresCone allows fire 
professionals and materials formulators to simulate pyrolysis and combustion 
processes of four types of combustible materials, including wood, 
non-charring, charring and intumescent polymers. FiresCone provides not only 
a practical tool for fire risk evaluation, but also fundamental supports to 
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FVM finite volume method 
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HIPS high-impact polystyrene 
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Chapter 1: Introduction 
1.1 Introduction 
Fire risk evaluation has always received much attention from fire engineers 
and researchers to eliminate fire casualties in buildings. To conduct fire risk 
evaluation, computational fluid dynamics (CFD) tools and full-scale fire 
experiments are two common approaches. Full-scale fire experiments are 
restricted because of high cost or some impossible scenes, such as multi-storey 
building fires. In contrast, CFD tools are frequently used as they are 
convenient and low-cost. However, modeling accuracy of current CFD tools is 
challenging and their applications are hampered because of some modeling 
limits, such as pyrolysis of combustible materials, transportation and 
combustion of gas volatiles, etc. Moreover, there are various types of 
combustible materials involved in building fire. It is significant to develop a 
model with great generality to predict fire behaviors of various types of 
combustible materials considering all the necessary fire processes. To break 
the barriers of the limits, it is critical to benchmark against experimental 
results derived from fundamental such as bench-scale fire tests. 
 
Four types of combustible materials are commonly used in buildings, 
including wood, non-charring, charring and intumescent polymers. A 
classification of these combustible materials is shown in Table 1.1. Wood can 
be further divided into hardwood and softwood. Hardwood have pores or 
vessel elements that occur among fibre and parenchyma cells. Softwood are 
composed of overlapping tracheids, connected by bordered pit apertures, and 
parenchyma cells and, in some cases, resin canals [1]. Main chemical 
compositions of wood are cellulose, hemicellulose and lignin. Hardwood and 
softwood have similar percentage of cellulose. Percentage of hemicelluloses 
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for hardwood is little higher than that of softwood, but with less percentage of 
lignin [2]. 
 
Polymers such as PMMA, PS, and PE are non-charring polymers. 
Non-charring polymers change into gas volatiles during pyrolysis reactions, 
leaving no or very few residues. Both charring and intumescent polymers 
leave residues after burning. For charring polymers, characteristics of 
shrinkage or expansion are dependent on material itself. Polymers such as PET 
go through shrinkage under external heat flux, but PVC and PC undergo 
expansion [3-5]. Intumescent polymers are capable of forming a volumetric 
carbonized residue which protects surface of polymers under external heat flux. 
This volumetric carbonize residue go through expansion because of melted 
polymer matrix and large amount of upward gas volatiles. 
 
Table 1.1 A classification of combustible materials in buildings 
Material type Materials 
Wood 
Spruce, Douglas fir, Western red cedar, Hemlock, 
Southern pine, Western larch, Redwood, Cypress, Nanmu, 
Paulownia, Chinese scholartree, Beech, Basswood, 
Willow, American elm, Sweet gum, White ash, Birch, 
Cherry, Maple, Oak, Walnut, Butternut, Almond shell, etc. 
Polymer 
Non-charring PMMA, PS, PE, PP, etc. 
Charring PC, PVC, PET, ABS, PBT, PA, etc. 
Intumescent PC, PVC, etc. 
 
These four types of combustible materials show various fire behaviors under 
external heat flux. As very important tool in fire risk evaluation, numerical 
method must be capable of simulating fire behaviors of different types of 
combustible materials. Because of various fire behaviors of these four types of 
combustible materials, it is challenging and significant in numerical modeling 
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to address all the necessary features. Several features of fire behaviors are 
concluded, shown in Table 1.2: 
 
1. These four types of combustible materials experience different 
pyrolysis processes under external heat flux. Wood changes into gas, tar and 
char first, and then the tar changes into gas and char. Pyrolysis processes of 
wood can be described by a two-steps reaction [6]. Unlike wood, charring 
polymer changes into gas and char synchronously, which can be described by 
a one-step reaction [7]. Non-charring polymers pyrolyze into gas volatiles 
directly at high temperature. Their pyrolysis processes can be expressed by a 
one-step reaction. As there are more than one species of products during these 
pyrolysis processes, it is significant to consider all the possible reactions in 
numerical modeling. 
 
2. Residue after burning is another difference among these combustible 
materials. Non-charring polymers, such as PMMA, PS, and PE, leave very few 
or no residue as almost all polymer matrix changes into gas volatiles. For other 
three types of combustible materials, char is produced after burning 
companied with volume change. Wood undergoes shrinkage when pyrolysis 
process is taking place. Intumescent polymer is capable of forming a 
volumetric carbonized residue which protects its surface under external heat 
flux. This volumetric carbonized residue goes through expansion as melted 
polymer matrix is affected by large amount of upward gas volatiles. Volume 
change of charring polymers is dependent on their own characteristics. A 
standard method to describe the volume change should be developed in 
numerical modeling. 
 
3. Thermal properties of these combustible materials follow specific rules 
as temperature changes. Thermal properties of wood are linearly dependent on 
Chapter 1: Introduction 
-4- 
 
temperature, and no transition temperature has been observed. Thermal 
properties of polymers will go through glass transition temperature or melting 
temperature as temperature rises. Thermal properties show different rules and 
transition temperature can be considered as a changing point. Stoliarov et al. 
[8-9] assumed changing point of polymers’ thermal properties as the 
maximum of inflection point of an apparent glass transition or a melting peak. 
These thermal properties are very important to the whole modeling, which can 
be obtained from experiments. However, the measurement for some thermal 
properties, such as smoldering combustion, volume change, gas transportation 
inside combustible materials, are seriously limited because of experimental 
techniques. 
 









Two-steps One-step Multi-step Multi-step 
Residue Char 
Very few or no 
residue 
Char Expanded char 
Volume 
change 
















and after transition 
temperature 









and virgin wood 
Pyrolysis layer and 
virgin polymer 
Char layer;  




and virgin polymer 
Grain Across or along N.A. N.A. N.A. 
Note: a Pyrolysis reaction is summarized based on the considerations of previous models. 
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4. Divisions of solid phase for combustible materials under heat flux are 
distinct. For wood and charring polymer, their solid phases can be divided into 
char layer, pyrolysis layer and virgin material. Compared with wood and 
charring polymer, non-charring polymer do not have char layer, and the 
second layer of intumescent polymer is replaced by expanding char layer. 
Solid phase of intumescent polymer can be divided into char layer, expanding 
layer and virgin polymer. To improve modeling accuracy, these features for 
different types of combustible materials are needed to be addressed. 
 
So far, most of previous studies have only focused on single type of 
combustible materials, resulting in a lack of overview for different types of 
combustible materials. Investigation of pyrolysis and combustion processes of 
combustible materials is critical to fire risk evaluation. 
1.2 Research gaps 
Besides piloted ignition, autoignition is also an important aspect to real fire 
development as combustible materials can be ignited by internal heating, 
without acceleration of spark plug or independent flame. Almost all previous 
studies have focused on piloted ignition, resulting in a lack of study on 
autoignition. In the aspect of modeling, many models have been developed to 
simulate fire behaviors of combustible materials under external heat flux. 
However, their applications are limited as almost all these models have only 
focused on single type of combustible materials. Assumptions of these models 
hamper their modeling accuracy under complicated fire conditions. Research 
gaps are concluded in the following sections. 
1.2.1 Fire behaviors under autoignition conditions 
Ignition may be defined as that process by which a rapid, exothermic reaction 
is initiated, which then propagates and causes material involved to undergo 
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change, producing temperature greatly in excess of ambient [10]. There are 
two types of ignition, namely piloted ignition (or called kindled ignition) - in 
which flaming is initiated in a flammable vapor/air mixture by a ‘pilot’, such 
as an electrical spark or an independent flame - and autoignition (or called 
spontaneous ignition) - in which flaming develops spontaneously within the 
mixture [10]. Piloted ignition of a solid might very roughly be considered as 
occurring when lower flammability limit of a pyrolysate/air mixture is first 
reached, while autoignition of a solid might be considered to involve the 
autoignition of pyrolysates [11]. Although piloted ignition is very common, it 
is not instrumented to account for flow effects, in-depth radiation effects and 
ambiguities resulting from emission spectral characteristics of materials and 
heat flux source [12]. 
 
Combustible materials show different fire behaviors under piloted ignition and 
autoignition conditions. From statistical analysis of experimental results, 
Melinek [13] noticed that minimum rate of volatile emission can be used to 
predict ignition, which is about 5.1 g/m2·s for piloted ignition and 7.7 g/m2·s 
for autoignition. A correlation of ignition time for wood under piloted ignition 
and autoignition was determined by Babrauskas [14]. It was shown that 
autoignition time are longer than piloted ignition time, and difference between 
these two becomes smaller as heat flux rises. Minimum heat fluxes under 
autoignition conditions were also found to be much higher than those under 
piloted ignition [11]. Cain [15] obtained that average minimum heat flux under 
autoignition are about 2.37 times of those under piloted ignition. 
 
Besides piloted ignition, autoignition process is also an important aspect to 
describe real fire development. Fire behaviors of combustible materials have 
been well investigated under piloted ignition conditions [16-24]. However, 
few studies have focused on fire behaviors under autoignition conditions. 
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Empirical models are critically needed to benefit fire risk evaluation, but no 
empirical model has been found to predict fire behaviors of combustible 
materials under autoignition conditions. 
1.2.2 Fire behavior modeling of different types of combustible materials 
under autoignition conditions 
The applications of a numerical model are limited if it only focuses on single 
type of combustible materials. Fig. 1.1 shows a statistics of considerations in 
previous one-dimensional models. It is noticed that most previous models 
have concentrated on wood. Few models have focused on non-charring and 
intumescent polymers. For different types of combustible materials, 
computational domain, volume change, pyrolysis reactions, thermal properties 
are different, seen in Table 1.2. Models for single type of combustible material 
cannot be applied to other types if their generalities are challenged. Simulating 
building fires is very complicated because more than one type of combustible 
materials will get involved. Modeling accuracy is then challenged if these 
models are limited in generality. 
 
Many models have been developed to simulate fire behaviors of combustible 
materials. Di Blasi and his colleagues have done lots of modeling work on 
wood [25-29], non-charring polymers [30-31], charring polymers [3,32], and 
intumescent polymers [33-34]. Lautenberger and Fernandez-Pello [35-38] 
developed a generalized model, named Gpyro, for non-charring polymers, 
charring solids, intumescent coating, and smolder in porous media. Stoliarov 
et al. [5,9,39-40] developed a model, named ThermaKin, to describe pyrolysis 
of solid materials exposed to external heat flux, such as non-charring, charring, 
and intumescent solids. 
 
 




Fig. 1.1 Statistics of considerations in previous one-dimensional models 
 
Challenges still exist to simulate fire behaviors of combustible materials under 
external heat flux: 
 
1. Previous models have focuses on fire behavior modeling under piloted 
ignition conditions. No model has been found on the modeling of combustible 
materials under autoignition conditions. As building fire may include both 
ignition methods, it is significant to conduct fire behavior modeling of 
different types of combustible materials under autoignition conditions. As 
mentioned above, combustible materials under piloted ignition and 
autoignition show different fire behaviors. Combustible materials under 
autoignition are urgently needed to be investigated to address the differences 
between these two ignition methods. 
 
2. It is difficult to develop a model which can describe all four types of 
combustible materials as modeling differences exist among these combustible 
materials. For example, non-charring polymers can be modeled using theory 
similar to flammable liquids. Pyrolysis of charring polymers is a complex 
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of a pyrolysis front penetrating into the materials with an increasing surface 
temperature and without a well-defined steady state [23]. Modeling of 
intumescent polymers is the most challenge one because of irregular 
expansion. 
 
3. Comparisons between modeling and experiments show that differences 
still exist. Developing numerical model is challenging as there is no common 
agreement on fire process description. For example, many models have 
considered volume change under external heat flux, but no common 
agreement was found about its description or influences. Volume change in 
some models is considered connected with other parameters, such as pore 
volume [41], mass conversion [42-43], volume change factor [27,34,44-46], 
etc. Experimental data were also used to describe volume change of 
combustible materials [47-53]. Volume change was also considered to be 
connected with heat flux [54]. And Staggs [55] described net volume change 
by production rate of gas volatiles within slice and the difference between 
inflow and outflow rates of gas volatiles. 
 
4. Modeling input is a very important aspect for fire behavior modeling. 
A large number of input parameters for material and its products are needed 
for modeling input. These input parameters may show big ranges of data in 
references. It becomes very complicated if several products get involved in the 
modeling. Therefore, it is significant to determine optimal input data for 
different types of combustible materials. And modeling responses to these 
input parameters are needed to be addressed. 
1.2.3 Combustion processes of gas volatiles in gas phase 
Gas volatile such as CO in building fires is the most important species in fire 
risk evaluation. Roughly two-thirds of deaths resulting from enclosure fires 
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can be attributed to the presence of CO, which is known to be the dominant 
toxicant in fire deaths [56]. Carbon monoxide has always been a key issue in 
fire research, playing a very important role in Performance-Based Design 
(PBD) of buildings. Occupational Safety and Health Administration (OSHA) 
set exposure limits of CO at 35 ppm, and exposure to higher concentrations 
can be detrimental to human health and may result in death [57]. 
 
Few models have considered combustion processes of gas volatiles. He and 
Behrendt [58] developed a method to simulate combustion of large biomass 
particle. Gas volatiles were predicted by pyrolysis reaction of virgin wood. 
Lautenberger and Fernandez-Pello [38] used Gpyro to simulate pyrolysis of 
white pine slab irradiated under non-flaming conditions. Gas volatiles were 
predicted by gaseous species yield in heterogeneous and homogeneous 
reactions. 
 
Some models used multi-step reaction to predict CO. Haseli et al. [59], for 
example, used more than 10 reactions to predict CO of woody biomass 
particle. A model even used 58 reactions with 16 species to describe 
combustion of methane [60]. This is a level of complexity that is undesirable 
for a practical fire model as tracking 16 species would greatly increase 
computational resources required and many of the reactions would occur at 
length scales never encountered in a typical large-scale simulation [60]. 
 
As modeling results are very sensitive to oxygen, applications of multi-steps 
reactions are limited because of the difficulty in describing oxygen level inside 
wood slab. For example, Weng et al. [61] assumed a linear function to 
describe partial oxygen pressure from surface to char front. Gupta et al. [62] 
assumed that carbon oxidation occurs at the surface of char particle. He et al. 
[63] considered an oxidation front between ash layer and char layer in natural 
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downward smoldering of piled char powder. 
 
Under situations mentioned above, challenges still exist to predict combustion 
processes of gas volatiles for combustible materials, which are summarized as 
follows: (i) applications of multi-step reactions are limited because of the 
difficulty in describing oxygen level inside combustible materials; (ii) 
experiments [57,64-70] have obtained a broad range of CO yields, resulting in 
various modeling results; and (iii) some models have ignored gas 
transportation inside combustible materials, indicating that gas volatiles were 
assumed to exhaust to the air immediately after produce. 
1.3 Research objectives and significances 
Based on above research gaps, it is known that investigation of different types 
of combustible materials are urgently needed to be taken. Therefore, in this 
study, fire behaviors of four types of combustible materials under autoignition 
conditions were investigated both experimentally and numerically. 
 
Previous models have been developed to simulate fire behaviors of 
combustible materials under piloted ignition conditions. No model has been 
found on fire behavior modeling under autoignition conditions. Moreover, 
their applications are limited as almost all of these models have focused only 
on single type of combustible materials. Challenges still exist in fire behavior 
modeling of different types of combustible materials. Therefore, a new 
mathematical model, FiresCone, was developed to simulate fire behaviors of 
four types of combustible materials, including wood, non-charring, charring 
and intumescent polymers. 
 
The research objectives and significances of this study are: 
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1. To investigate fire behaviors of four types of combustible materials 
under autoignition conditions experimentally. Fire behaviors, such as 
ignition time, ignition temperature, mass loss rate, gas yields, were 
investigated under autoignition conditions. Influence of sample thickness, 
external heat flux and moisture content to fire behaviors of all four types of 
combustible materials were analyzed. Empirical models under autoignition 
conditions were also developed. This study is not only to provide guides to fire 
risk evaluation, but also to provide input parameters and validation data for 
fire behavior modeling of combustible materials. 
 
2. To study pyrolysis and combustion processes of four types of 
combustible materials by developing a new numerical model. A new 
mathematical model, FiresCone, was developed to simulate pyrolysis and 
combustion processes of four types of combustible materials, including wood, 
non-charring, charring and intumescent polymers. To improve the modeling 
accuracy and expand its application, FiresCone has considered as many fire 
processes as possible, such as heat conduction, pyrolysis reactions, 
transportation of liquids and gas volatiles inside materials, volume change, 
water evaporation, in-depth radiation and combustion of gas volatiles. Both 
solid and gas phases were considered in FiresCone. FiresCone does not intend 
to replace the need of bench-scale fire test. Its intention is to provide a 
practical tool for fire risk evaluation. 
1.4 Scope of work 
Fire behaviors of four types of combustible materials under autoignition 
conditions were investigated, including wood, non-charring, charring and 
intumescent polymers. A new mathematical model, FiresCone, was developed 
to simulate fire behaviors of these four types of combustible materials under 
autoignition conditions. Scopes of work are described as follows: 
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Chapter 1: Background and formulations of research gaps and 
objectives. Background of this study was first introduced. Literature review 
on experimental studies and fire behavior modeling of combustible materials 
were concluded. Research gaps were then addressed based on literature review. 
Research objectives and scope of work were then provided. 
 
Chapter 2: Literature review on fire processes of combustible 
materials. The state of the art of one-dimensional models described fire 
processes of wood, non-charring, charring and intumescent polymers were 
reviewed. Four types of fire processes were included, such as thermal, 
physical, chemical and failure processes. A summary of typical considerations 
in previous one-dimensional models was concluded, including heat conduction, 
pyrolysis, gas volatiles, volume change, water evaporation, internal gas 
pressure, properties of permeability and porosity and mechanical behaviors. 
 
Chapter 3: Mathematical formulation of FiresCone and its solution 
methodology. A new mathematical model, FiresCone, was developed to 
simulate fire behaviors of four types of combustible materials under external 
heat flux. Both solid and gas phases were included. In the solid phase, a 
one-dimensional domain was considered to simulate pyrolysis reactions inside 
combustible materials. In the gas phase, two-dimensional Navier-Stokes 
equations were used to simulate combustion processes of gas volatiles which 
were exhausted from the solid phase. Solution methodology of nonlinear 
partial differential equations were provided, such as discretization method, 
grid approach and algorithm of solving pressure-velocity coupling. 
 
Chapter 4: Fire behaviors of wood under autoignition conditions. 
Fire behaviors of six species of wood, including pine, beech, cherry, oak, 
maple, and ash, were investigated under autoignition conditions in a cone 
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calorimeter. Fire behaviors such as autoignition time, ignition temperature, 
mass loss rate, gas release rate and gas yields were investigated. Influences of 
parameters, such as external heat flux, sample thickness, moisture, on 
autoignition time, autoignition temperature, CO release rate and CO yield 
were analyzed. Empirical models were developed to predict autoignition time, 
average mass loss rate, time at 50% mass loss and CO yield of wood slabs 
with various moisture contents and thicknesses under autoignition conditions. 
 
Chapter 5: Fire behaviors of polymers under autoignition conditions. 
Fire behaviors of six species of polymers, including HDPE, PP, PMMA, ABS, 
PET and PC, were investigated under autoignition conditions in the cone 
calorimeter. Fire behaviors, such as autoignition time, heat release rate, 
effective heat of combustion, mass loss rate and gas release rate and gas yields, 
were investigated. Influences of heat flux on autoignition time, mass loss rate, 
CO and CO2 yields were identified. Effective heat of combustion of polymers 
were compared under piloted ignition and autoignition conditions. Influences 
of combustion conditions on gas yields were also investigated. An empirical 
model was developed to predict thermal thickness of polymers under external 
heat flux. 
 
Chapter 6: Sensitivity analysis of FiresCone. Sensitivity analysis of 
FiresCone was conducted, including grid spacing, time step, heat of pyrolysis, 
pre-exponential factor, activation energy, thermal conductivity, specific heat 
capacity, density, heat transfer coefficient, permeability of water, char yield, 
diffusion coefficient of water, surface emissivity and moisture content. 
Influences of these input parameters to surface temperature and mass loss rate 
were analyzed. 
 
Chapter 7: Validation and application of FiresCone. FiresCone was 
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validated by experimental data of four types of combustible materials, 
including wood, non-charring, charring and intumescent polymers. By 
numerical modeling, combustion of gas volatiles in gas phase and temperature 
in both solid and gas phased were investigated. Modeling results by FiresCone 
obeyed well with the characteristics of four types of combustible materials. 
 
Chapter 8: Conclusions and future work. Experiments of four types of 
combustible materials under autoignition conditions were concluded. 
FiresCone was validated by experimental data of these four types of 
combustible materials. Conclusions on fire behavior modeling by FiresCone 
were also addressed. Limitations and recommendations of this study were 
provided to benefit future work. 
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Chapter 2: Literature review 
2.1 Introduction 
One-dimensional model is fundamental to two-dimensional and 
three-dimensional models. Combustible materials can be classified into wood, 
non-charring, charring and intumescent polymers according to their 
characteristics. Four types of fire processes are involved in fire development, 
such as thermal, physical, chemical and failure processes. Consideration of 
these fire processes is significant to improve modeling accuracy and expand 
application fields. The state of the art of one-dimensional modeling described 
these four types of fire processes of wood, non-charring, charring and 
intumescent polymers was reviewed. A summary of typical considerations in 
previous one-dimensional models was provided, including heat conduction, 
pyrolysis, gas volatiles, volume change, water evaporation, internal gas 
pressure, properties of permeability and porosity and mechanical behaviors. 
Empirical models and important data for these four types of fire processes 
were also collected. 
2.2 Fire processes 
Progresses on fire behavior modeling have been made gradually. In 1965, a 
one-dimensional mathematical model was developed by Tinney [71] to 
simulate thermal conduction of wooden dowel heated externally. Heat transfer 
was described by Fourier conduction equation with a heat-source term. And 
pyrolysis was expressed by a first-order Arrhenius equation. Later in 1972, 
exhausted gas volatile was considered by Kung [72]. Gas volatiles were 
regarded as flowing out of sample immediately after produce. In 1987, wood’s 
gaseous permeability was measured and used to simulate drying process by 
Perre [73]. In 1990, Aerts and Ragland [74] developed a model considered gas 
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species, consisting of O2, hydrocarbons, CO, CO2 and water vapor. In 1992, 
McManus and Springer [75] developed a model described responses of carbon 
phenolic under mechanical loading. Subsequently, many works have been 
done on one-dimensional modeling of combustible materials [25,36,40,76-83]. 
2.2.1 Thermal processes 
Thermal process is essential to fire behavior modeling of combustible 
materials. Fourier’s law was usually used to described heat transfer inside 
material [71]. At the early stage of numerical modeling, surface radiation and 
convection heat loss were ignored, and thermal conductivity was also 
considered temperature independent. 
 
Later, thermal properties were described by interpolation between char and 
virgin materials [52,72,84]. Under the development of experimental 
techniques, temperature dependent thermal properties, such as thermal 
conductivity, specific heat capacity, surface absorptivity, were measured and 
used in numerical modeling [85-87]. Some typical models have shown the 
progress of thermal process description in numerical modeling, which are 
provided as follows. 
 
In 1965, a one-dimensional mathematical model was developed by Tinney [71] 
for small wooden dowel heated externally. Heat transfer was described by 






T T TC Q
t r r r t
ρρ λ
 ∂ ∂ ∂ ∂
= + − ∂ ∂ ∂ ∂ 
       (2.1) 
where r is the radial distance from the center of the dowel. 
 
The surface of the wooden dowel was assumed to heat evenly, and heat 
penetrated from the surface to the centre. The centre was assumed as inert. 
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Later in 1972, Kung [72] developed a model to describe wood slab heated 
externally. Heat taken by gas volatiles and endothermicity of pyrolysis 






v f v f
hT TC m
t x x x




ρ ρ ρ ρ
∂∆∂ ∂ ∂  ′′= + ∂ ∂ ∂ ∂ 
 ∂
+ − ∆ + ∆ + ∆  ∂ − − 
   (2.2) 
where ρv is the density of virgin wood, kg/m3; and ρf is the density of final char, 
kg/m3. The first three terms describe the effects of transient and spatial 
temperature changes and convection heat of gas volatiles. The last term is the 
source term described the energy consumption in pyrolysis reactions. 
 
In numerical modeling, exposed surface is assumed to received constant heat 


















      (2.3) 
 
Predicted temperature by Kung’s model is much higher than practice when 
surface heat losses by convection and radiation were ignored. This problem 






















     (2.4) 
where σ is the Stefan-Boltzmann constant, 5.6704×10-8 W/m2·K4. 
 
Thermal properties may change as temperature rises. In kung’s model, thermal 
conductivity was expressed by interpolation between virgin wood and char: 
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 c vv c
v c v c
ρ ρ ρ ρ
λ λ λ




   (2.5) 
In this equation, if ρ → ρv, λ = λv; and if ρ → ρc, λ = λc. 
 
Temperature dependent thermal properties were later used by Fan et al. [87], 
which were expressed by: 





C C p T T
λ λ= + −
 = + −
    (2.6) 
where p1 and p2 are the coefficients. 
2.2.2 Chemical processes 
2.2.2.1 Pyrolysis reaction 
Pyrolysis reactions for wood and polymers show different features. For wood, 
pyrolysis process can be expressed by a two-step reaction. Virgin wood 
change into gas, tar and char during pyrolysis reactions. Then the tar changes 
into gas and char at the same time. Although pyrolysis reactions of some 
polymers are very complicated, it can be simply considered that they change 
into gas and char directly, namely one-step reaction. Pyrolysis reaction scheme 
of wood and polymer is shown in Fig. 2.1. Dash line for polymer represents 
non-charring polymers as no or very few char are produced. 
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Studies on pyrolysis reactions of wood have never stopped. Several types of 
models have been developed: 
 
• The first type is a two-step reaction, which can be seen in Fig. 2.1. 
 
• Another type of models was developed under the consideration that 
wood consists of three main chemical components, namely cellulose, 
hemicelluloses and lignin [89-93]. Individual pyrolysis reaction for these three 
chemical components was used in numerical modeling as they show different 
pyrolysis characteristics. Pyrolysis of wood were then regards as summation 
of these three chemical components.  
 
• A pyrolysis model was developed by Kilzer-Broido [89,94]. In this 
model, wood was assumed to pyrolyze through two paths. One was an 
endothermic tar producing reaction and the other was an intermediate solid 
producing reaction which was assumed to have a zero heat of pyrolysis. The 
intermediate solid, corresponding to dehydrocellulose in this model, was 
pyrolyzed into char and gas during an exothermic reaction. 
 
• According to above models, Park et al. [89] developed a model which 
is similar to the first type of model. The difference is that wood changes into 
an intermediate solid first before changing into char. 
 
Pyrolysis reactions can be described quantitatively by Arrhenius law. Total 
mass loss depends on all pyrolysis reactions, which can be given as: 
 








m km k k k m Wood
t
m km k k m Polymer
t
∂ = = + + ∂
∂ = = +
 ∂
    (2.7) 
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                (2.8) 
where i is the pyrolysis reaction; and subscripts of g1, t, c1, g2 and c2 
represent pyrolysis reactions of wood, and g and c are for polymers, shown in 
Fig. 2.1. 
 
Reaction rate k is governed by Arrhenius Law: 
 
0
( ) exp( )s f n ii i
m m Ek A
m RT
−
= −                (2.9) 
 
Pyrolysis reactions of wood and polymers are also affected by oxygen. Tihay 
et al. [95] investigated the influence of oxygen concentration on kinetics of 
cellulose. It was gained that increasing the oxygen concentration tends to shift 
pyrolysis and char oxidation to lower temperature and to raise maximum mass 
loss rate. Martin-Gullon et al. [96] conducted experiments on pyrolysis 
reactions of PET. Results showed that the higher the oxygen presents, the 
earlier char consumption finishes. Different pyrolysis stages of polymer were 
obtained under different atmosphere conditions [97]. Influence of oxygen on 
pyrolysis reaction can be expressed by: 
 
2
exp( ) (1 )m nO
EA P
t RT
α α∂ = − −
∂
          (2.10) 
where PO2 is the partial oxygen pressure, Pa; m is the reaction order with 








−             (2.11) 
 
Appendix A shows a summary of experimental kinetic data for four types of 
combustible materials. Most pyrolysis reactions were expressed by one-step 
kinetic equation. Temperature ranges of related pyrolysis reactions are also 
provided. Although many experiments have been taken, it is noticed that few 
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data are available to describe the produce of gas volatiles and tar. Application 
of numerical modeling may be limited at this stage if two-step or more 
complicated reaction is considered because of the absence of experimental 
data. This is the reason why one-step pyrolysis reaction was used in this study. 
2.2.2.2 Production of gas volatiles 
Gas volatiles are produced when pyrolysis reactions are taking place. Among 
these gas volatiles, CO is the most significant one because of its characteristic 
of life-threatening. Roughly two-thirds of all deaths resulting from enclosure 
fires can be attributed to the presence of CO, which is known to be the 
dominant toxicant in fire deaths [56]. 
 
In previous models, two approaches can be concluded to predict gas volatiles. 
The first approach is to use gas yields directly. And production rates of gas 
volatiles are assumed connected with mass loss. He and Behrendt [58] used 
experimental data to predict gas volatiles: 
 2 4 2
2
0.183 0.115 0.047 0.005
0.25 0.2 0.2
wood h CO CO CH H
H O tar char
+ ∆ → + + +
+ + +
  (2.12) 
where Δh is the heat of reactions, J/kg; and coefficients on the right side of 
equation are the yields. For example, 0.183 kg CO will be produced after 
consuming 1 kg wood. 
 
Table 2.1 Average weight percentage of elements of wood [98] 
Element Hardwood Softwood Oak bark Pine bark 
C 50.2 52.7 52.6 54.9 
H 6.2 6.3 5.7 5.8 
O 43.5 40.8 41.5 39.0 
N 0.1 0.2 0.1 0.2 
S - 0 0.1 0.1 
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Another approach is multi-step reactions in which chemical formula is used. It 
is easy to get the chemical formula of polymers. But no description was found 
on chemical formula of wood. This problem can be solved by using average 
weight percentage of elements. Table 2.1 shows average weight percentage of 
elements in wood [98]. To predict gas volatiles, Wang [99] assumed that CxHy 
oxidizes to CO and H2O while intermediate CO oxidizes to CO2: 
 1 2 2
2 2 2 2
28 18(1 )1: 1
12 2
2 : 1 (1 )
C C
x y
Y YStep kg C H v kg O kg CO kg H O
Step kg CO v kg O v kg CO
− + → +

 + → +
  (2.13) 
where YC is the mass fraction of carbon in CxHy; and v1 and v2 denote the 
stoichiometric coefficients, which are defined as follows: 
 1 2 2
32 16 28 16(1 ) ,
12 2 12 28C C C
v Y Y Y v v= + − − =   (2.14) 
 
Floyd and McGrattan [60] developed a much more complicated model with 
the consideration of atom nitrogen and F (which is not C, H, O, or N). This is 
a two-step reaction, and detailed equations are developed with a consideration 










x y z a b O H O CO CO
soot N F
CO
Step C H O N F v O v H O v v CO
v Soot v N v F
Step v CO O CO




  ′ + →   
  (2.15) 
where F is a species representing portion of the fuel that is not C, H, O and N. 
Note that CO has two stoichiometric coefficient where 𝑣𝐶𝑂′  applies to the CO 
that can be converted to CO2 and 𝑣𝐶𝑂 applies to the CO that exists post-flame, 
and oxidation rate of CO can be seen in Reference [100]; and 𝑣𝐻2𝑂, 𝑣𝑠𝑜𝑜𝑡, 
𝑣𝑁2, and 𝑣𝐹 are the stoichiometric coefficient of water, soot, nitrogen and 
species F, respectively. 
 
These stoichiometric coefficients are determined by gas yields and mass 
fraction: 
















(1 ) , ,
, (1 )
N H O H soot
CO H O
O CO CO H soot
H O s
O CO CO CO
CO
s
CO H soot soot soot
soot
F soot H H H C
a yv v Y v
v v z
v v x v Y v
v z Mv v v y
M
Mv x Y v v y
M
v b M Y M Y M
= = −
′ + −
′ ′= = − − −
−
= + =
= − − =
= = + −
  (2.16) 
where YH is the atom fraction of hydrogen in the soot; yCO and ysoot are the 
user-specified post-flame yields of CO and soot; x, y, z, a and b are the 
coefficients which come from the specification of fuel molecule; and M is the 
molecular weight, g/mol. 
2.2.2.3 Combustion of volatiles 
Combustion of most combustible materials mainly starts at the reaction of 
volatiles [101]. Combustion and reforming of volatile species may have great 
impact on outlet gas composition, carbon conversion and gasification 
efficiency [102]. For coal, up to half of the specific energy comes from its 
volatile contents. Coal volatiles combustion, set free during a gasification 
process, have a noticeable impact on char combustion reaction rate, outlet gas 
composition, heat and mass transfer inside the bed as well as the freeboard, 
and mixing patterns [103]. 
 
Experimental observations on combustion of pre-mixed gases in fluidized 
beds identified three combustion regimes [104]: (i) at low bed temperatures 
(less than about 970-1020 K), the volatiles may not burn within the bed; (ii) at 
moderate bed temperatures (from about 1100-1170 K), the volatiles are likely 
to burn only in the bubbles; and (iii) at high bed temperatures (greater than 
about 1170 K), combustion may occur within the bubbles and in the 
particulate phase of the bed. Many studies have focused on gas combustion 
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modeling in fluidized bed, and a summary of these mathematical models can 
be seen in References [102,104-105]. 
 
One could imagine that kinetics of homogeneous combustion and reforming 
reactions are well know, but this is not the case. Reaction between stable 
chemical species involved in homogeneous reaction is a complex combination 
of several elementary reaction [102]. However, it is commonly assumed that 
volatiles burn via two steps [106]: 
 2 2
2 20.5




    (2.17) 
 
There is a great amount of work on kinetics of homogeneous reactions. Some 
studies have analyzed the difference in kinetics available in the literature, 
especially for homogeneous oxidation of CO [102,107]. 
 
It would be improper to remove volatile effects when developing a model for 
combustion of solid particles. A particle combustion model considering 
volatile effects was established by Li and You [101] to provide solution to 
simulate combustion process of different kinds of particles. The results 
demonstrated that this model has adequate accuracy and quite a shorter 
calculation time. Eslami et al. [103] also employed a sequential model for coal 
volatile combustion to predict the behavior of corresponding fluidized bed 
reactors in coal gasification processes. It was shown that this model can 
successfully predict coal’s volatile matter combustion behavior without any 
further need of solving coupled nonlinear differential equations in an 
equation-oriented manner. 
 
Turbulent non-premixed coal flames generated from volatiles combustion 
undergo significant departures from chemical equilibrium through 
Chapter 2: Literature review 
-26- 
 
super-equilibrium radical concentrations, extinction and sooting and some 
aspects of pollutant formation. One possible route to include all these effects 
in turbulent flow calculations is the laminar flamelet model [106,108-109]. In 
the flamelet model for the gas-phase volatile combustion of coal, local 
temperature and major species concentrations were given by the mixture 
fraction [110]. This approach provided a way of incorporating finite rate 
chemistry effects in turbulent coal volatile combustion modeling. It was 
assumed that radius of curvature of flame front is much larger than its 
thickness and this allowed the analysis of flamelet flow-field to be 
approximated by the boundary layer assumption. Thus, the series of governing 
equations can be reduced into one-dimensional form to solve temperature and 
concentrations as a function of a single independent variable. 
2.2.3 Physical processes 
2.2.3.1 Transportation of gas volatiles 
Produce of gas volatiles, such as CO, CO2 and H2O, were frequently ignored 
in the numerical modeling. Kung [72] developed a model considered a mixture 
of all gas volatiles, which was gained by mass loss. But transportation of gas 
volatiles inside wood slabs was ignored in this model. Gas volatiles were 
regarded as flowing out of wood slab immediately after produce. Later, several 
models used Darcy’s law to describe gas transportation inside combustible 
materials [38,111-114]. 
 
Neglecting contribution of inert initially present in the pores of the solid, 
velocity and pressure of gas volatiles can be expressed by Darcy’s law and 
















=        (2.19) 
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Mean molecular weight of vapor/fuel mixture can be given as: 





=∑         (2.20) 
where Yi is the mass fraction of species i; and Mi is the molecular weight of 
species i, kg/mol. 
 
Henderson and Wiecek [115] considered a porous material to calculate mass 
flux of gas volatiles. Mass flux of gas volatiles, ?̇?𝑔" , was calculated using 









    (2.21) 
 








       (2.22) 
 
Above equations described gas transportation inside solid phase. Two 
properties were used in these equations, namely permeability and porosity. 
2.2.3.2 Thermal shrinkage 
Although many models [27-29,41-42,44,46-48,54,74,84-85,116-121] have 
described volume shrinkage, no common agreement was made. Several 
approaches used to describe volume shrinkage in previous studies are 
concluded as follows: 
 
• The most frequently used approach is connected with other properties, 
such as pore volume, mass conversion, etc. Di Blasi [27] assumed that volume 
occupied by solid decrease linearly with wood mass and increase with char 
mass by a shrinkage factor. Larfeldt et al. [42] described shrinkage of solid by 
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including a relationship in conservation equation. Shrinkage was envisaged to 
occur with reduction or expansion of pore volume by Hastaoglu and Berruti 
[41]. Volume of each cell at any time can be then evaluated. Bellais et al. [44] 
utlized radial and longitudinal shrinkage coefficients to describe shrinkage of 
wood, which were calculated through interpolation by assuming that particle 
shrinks linearly with an averaged conversion. Yang et al. [117] described 
shrinkage by mass loss during the pyrolysis processes.  
 
• The second approach is using experimental data. Hastaoglu and 
Hassam [47] recorded a set of shrinkage data as a function of time (conversion) 
and used them in the numerical modeling. Hagge and Bryden [48] used 
experimentally available data for shrinkage factor. 
 
• The third approach described relationship between shrinkage and 
external heat flux. Bryden et al. [54] used a shrinkage factor which was 
assumed dependent on external heat flux.  
 
• The last one is shrinking velocity. Lede [46] assumed a shrinking 
velocity profile to describe shrinkage of wood. 
 
Shrinkage occurs in char layers during pyrolysis reactions because of a 
rearrangement of chemical bounds and coalescence of graphite nuclei within 










      (2.23) 
where Lc is the thickness of charred sample, m; Lres is the thickness of residue 
after char was removed, m; and L0 is the original thickness, m. 
 
Tran and White [122] investigated the volume shrinkage of wood slabs under 
heat flux ranged between 15 and 55 kW/m2, shown in Table 2.2. Results 
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showed that shrinkage factor seems to show a increasing trend when heat flux 
rises. 
 










17.8 0.523 0.27 181 
17.7 0.512 0.27 174 
25.8 0.563 0.26 168 
26.2 - - - 
38.5 0.613 0.27 183 
38.7 0.634 0.28 180 
53.6 0.835 0.32 156 




17.4 0.475 0.20 272 
17.4 0.456 0.24 287 
25.2 0.530 0.30 287 
26.9 0.469 0.20 294 
38.5 0.479 0.25 358 
38.6 0.444 0.23 355 
55.5 0.616 0.25 256 




17.8 0.547 0.25 327 
18.7 0.567 0.26 328 
25.0 0.559 0.24 317 
25.8 0.564 0.25 333 
37.8 0.625 0.25 360 
38.4 0.606 0.25 345 
53.1 0.753 0.27 256 




17.6 0.428 0.24 264 
17.8 0.408 0.22 251 
27.7 0.421 0.23 288 
25.5 0.430 0.22 260 
38.1 0.450 0.23 255 
38.7 0.409 0.20 227 
51.6 0.519 - - 
53.4 0.523 0.23 239 
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For polymers, it is difficult to find this kind of experimental data. This may be 
because it is very difficult to measure the data that polymers melt at high 
temperature and go through irregular shrinkage or expansion. 
2.2.3.3 Permeability 
Permeability of a porous material characterizes the capacitance of this material 
to let such a fluid permeate under a total pressure gradient [123]. Permeability 
is defined by Darcy’s equation [124]: 
 2
"








   (2.24) 
where ?̇?𝐻2𝑂,𝑣𝑜𝑙"  is the volumetric flow rate of water of viscosity μ through a 
cross-sectional area ΔA and length L of cell under an applied osmotic pressure 
difference ΔP. 
 
Three approaches were found in previous models to describe permeability. The 
first approach is an empirical model. Henderson and Wiecek [52] developed a 
model to describe permeability by mass loss and temperature: 
 
0 0
1 (1 )v c
T T mF F
t t t m t
γ ζ
γ
∂ ∂ ∂ ∂
= Ψ +Ψ − +
∂ ∂ ∂ ∂
     (2.25) 
where F is the instantaneous mass fraction, which is obtained by 
(m-mf)/(mv-mf); Ψv and Ψc is the coefficient of linear permeability of virgin 
material and char, respectively, 1/K; and ζ is the decomposition permeability 
coefficient. 
 
Another approach is the interpolation between virgin material and char. Some 
part of virgin material change into char when pyrolysis reaction is taking place. 
Permeability of whole solid phase changes when more char is producing, 
which may be dependent on percentages of virgin material and char. 
Permeability was then assumed to vary with composition of solid species by 
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Hagge and Bryden [48] : 
 (1 )v cγ ηγ η γ= + −     (2.26) 





η =        (2.27) 
 
Table 2.3 Average permeability of four kinds of wood [125] 
































Wood permeability is a physical property of anisotropy in different grain 
directions. Wang et al. [125] measured average permeability of four species of 
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wood, and the results are shown in Table 2.3. Unfortunately, these data are 
only the average permeability under room temperature, which may not be 
applicable under fire conditions. 
 
For the third approach, some researchers used permeability coefficient to 
describe polymers’ ability of transporting gases. Permeability coefficient is not 
only a function of chemical structure of the polymer, it also varies with the 
morphology of the polymer and depends on many physical factors such as 








      (2.28) 
where Pe is the permeability coefficient, cm3(273.15 K; 1.013×105 Pa)×cm 
/cm2 ×s×Pa. 
 
Permeability coefficient of polymer is dependent on temperature, which can 
be calculated by: 
 0 exp( )
pEPe Pe
RT
= ⋅ −      (2.29) 
where Pe0 is the pre-exponential factor, cm3(273.15 K; 1.013×105 Pa)×cm 
/cm2×s×Pa; and Ep is the activation energy of permeation, kJ/mol. 
 
Table 2.4 shows a summary of permeability coefficient of polymers [126]. 
Usage of these data in describing fire processes may be limited because of 
small applicable temperature ranges. 
 
Among above approaches, empirical model may be the best way to gain 
temperature dependent permeability. However, empirical model mentioned 
above seems to be a little complicated as there are too many input variables 
which are needed to be determined by experiments. It is expected that a 
simpler empirical model can be developed in future work. Applications of 
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permeability coefficients for polymers may be restricted in describing fire 
processes because of small applicable temperature ranges. The approach of 
interpolation between virgin material and its product may be the best way to 
describe permeability at this stage. 
 
Table 2.4 Permeability coefficients and activation energy of polymers [126] 







O2 298 2.2 278-333 66.5 42.7 
CO2 298 9.5 278-333 62.0 38.9 
CO 298 1.1 278-333 154 46.5 
N2 298 0.73 278-333 329 49.4 
H2O 298 68 283-363 48.4 33.5 
HDPE 
O2 298 0.30 278-333 0.423 35.1 
CO2 298 0.27 278-333 0.0506 30.1 
CO 298 0.15 278-333 1.15 39.3 
N2 298 0.11 278-333 0.991 39.7 
H2O 298 9.0 - - - 
PP 
N2 303 0.33 293-363 1280 55.7 
O2 303 1.7 293-363 278 47.7 
CO2 303 6.9 293-363 24.0 38.1 
H2O 303 51.0 283-363 900 42.3 
PS 
O2 298 2.0 - - - 
N2 298 0.59 - - - 
CO2 298 7.9 - - - 
H2O 298 840 - - - 
PMMA 
O2 307 0.116 - - - 
H2O 296 480 - - - 
PVC 
N2 298 0.0089 298-353 9380 69.0 
O2 298 0.034 298-353 179 55.8 
CO2 298 0.12 298-353 930 56.8 
H2O 298 206 298-353 2.04 22.9 
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2.2.3.4 Water evaporation 
There are two types of water in wood: bond and free water. Fibre saturation 
point has been defined as moisture content at which cell walls are saturated 
with bound water with no free water in the lumens [127]. Fibre saturation 
point was given by [128]: 
 0( 0.571 0.001 , 0.2)sat satX Max X T= + −     (2.30) 
where 𝑋𝑠𝑎𝑡0  is the moisture content at fibre saturation point at room 
temperature, which is about 0.3 for most wood species. 
 
Water absorption at saturation of polymers is much smaller than those of wood. 
Table 2.5 shows a summary of water absorption at saturation for polymers 
[129]. Some polymers show a range of data in this table as they were collected 
from different sources. It is noticed that most of the data are less than 0.01. 
Some polymers show a relatively higher water absorption at saturation, such 
as PA 6, PA 66, PBT. Starzhenetskaya and Davydova [130] established 
quantitative parameters of reversibility of sorption-desorption process and 
diversity of the states of water absorbed. Results showed that water inside 
polymers may be considered as free water as water in polymers was in free 
and loosely bound states. However, moisture in polymers may be ignored as 
its percentage are very small even at saturation. 
 
Water evaporation of materials can be expressed by Arrhenius law. This can be 






∂  = − − ∂  
     (2.31) 
 
Bryden et al. [54] considered 368 K (95 °C) as evaporation start temperature. 
It was suggested that evaporation process happens when temperature is higher 
than 368 K. This model also used an Arrhenius type expression, which was 













m k T Kρ
′′ = <
 ′′ = >


    (2.33) 
where ρm is the density of mixture, kg/m3. It was suggested that kinetic 
parameters of A=5.13×106 s-1 and E=88 kJ/mol. 
 
Table 2.5 A summary of water absorption at saturation of polymers [129] 









PA 6 0.05-0.10 
PA 66 0.07-0.09 
PP 0.0001 
 
Sand et al. [128] calculated the rate of water evaporation in solids as: 
 2
2








′′ = ⋅ = ⋅
∆ ∆
          (2.34) 
where Tsat is temperature at fibre saturation point, typically 373.15 K. 
However this is only true for free boiling water and physical structure of wood 
would induce an increase of saturation temperature. 
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In Eq. (2.34), Δhevap is influenced by whether material has achieved fibre 
saturation point or not. Heat of evaporation of free liquid water and heat of 
desorption were respectively given as follows [128]: 
 6 33.179 10 2.5 10 ( 273.15)lh T∆ = × − × −    (2.35) 
 61.176 10 exp( 15.0 )desorp boundh X∆ = × −    (2.36) 
 
If moisture content is higher than that at fibre saturation point, only the free 
water will vaporize. Otherwise, energy consumed must contain the energy of 
changing bound water into free water and the energy for vaporizing this free 
water. So it is considered that evaporative heat of water considering fibre 





evap l desorp sat
h h X X
h h h X X
∆ = ∆ ≥
∆ = ∆ + ∆ <
        (2.37) 
 












p H O sat l
evap sat
l










= ≥ ∆ ∆
 − = < ∆ + ∆ ∆
  (2.38) 
 
Above models have described water evaporation of free water and bound 
water inside wood. And evaporative heat of water can be treated differently 
when moisture content is higher or less than fibre saturation point. 
Starzhenetskaya and Davydova [130] found from experiments that water in 
polymers can be assumed as free water. Water evaporation process in 
polymers is similar to wood with only free water. 
2.2.3.5 Thermal expansion 
Although a large number of models [33-34,37,43,45,49-53,55,132-138] have 
considered thermal expansion, no common agreement was found in previous 
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studies. Several approaches were used to describe thermal expansion of 
polymers: 
 
• The first approach is connected with other properties. Stagges [55] 
determined net volume change by production rate of gas volatiles within slice 
and difference between inflow and outflow rates of gas volatiles. Feih et al. 
[49-51] considered thermal expansion as a function of temperature based on 
experimental results. Anderson and Wauters [43] simulated pyrolysis and 
combustion processes of coating by assuming expansion as a function of mass 
loss. Henderson et al. [52-53] expressed expansion by using a modified 
Lagrangian control system, in which control volume was a function of 
temperature and time. 
 
• The second approach is coefficient. Sullivan and Salamon [45] used a 
defined coefficient to describe expansion. This coefficient is also used to 
calculate thermal strains and stress.  
 
• The last approach is empirical model. Di Blasi [34] introduced an 
empirical parameter of expansion factor but limit the maximum volume 
expansion. 
 
Thermal expansion is a tendency of matter to change in volume in response to 
a change in temperature. Rate of length change of the solid materials can be 
calculated by Henderson and Wiecek [115]: 
 
0 0
1 (1 )v c
L T T mF F
L t t t m t
ηβ β∂ ∂ ∂ ∂= + − +
∂ ∂ ∂ ∂
   (2.39) 
where βv and βc are the coefficients of linear expansion of virgin material and 
char, respectively, 1/K; F is the instantaneous mass fraction, which can be 
obtained by (m-mf)/(mv-mf); and η is the pyrolysis expansion factor. 




The first and second terms on the right-hand side of Eq. (2.39) represent the 
thermal expansion/contraction of virgin and char components, respectively. 
Each term is weighted by instantaneous mass fraction. Expansion due to 
pyrolysis of solid material is given by the last term. 
 
Klason et al. [139] assumed a linear dependence of thickness on temperature, 






  (2.40) 
where β is the coefficient of thermal expansion, which can be determined by 
experiments, shown in Table 2.6. 
 
Table 2.6 The coefficient of linear thermal expansion [139] 
Material Density (kg/m3) Coefficient of linear thermal expansion (1/K) 
PMMA 1180 7.2×10-5 
PS 1040 5.7×10-5 
HDPE 967 2.31×10-4 
LDPE 920 2.70×10-4 
PTFE 2189 1.27×10-4 (298~333 K) 
Cellulose 
- 7.5×10-5 (298~323 K) 
- 5.2×10-5 (263~298 K) 
 
Murthy and Rani Rao [140] investigated linear thermal expansion coefficient 
(β) in a temperature range of 293-473 K by using a two-terminal capacitance 
technique. Linear thermal expansion coefficients of polymers at different 
temperature are shown in Table 2.7. 
To describe thermal expansion, Henderson and Wiecek’s model [115] is 
complicated as there are many input variables needed to be determined from 
experiments. Models by Klason et al. [139] and Murthy and Rani Rao [140] 
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are much simpler. Measurement of temperature dependent linear thermal 
expansion coefficient was taken by Murthy and Rani Rao [140]. Unfortunately, 
the measurements only focused on three polymers, and more experiments on 
other polymers are expected in future work. 
 
Table 2.7 Linear thermal expansion coefficient of polymers dependent on 
temperature [140] 
Temperature (K) Polyester (β×105) PE (β×105) PTFE (β×105) 
313 9.2 7.0 - 
323 10.0 7.0 4.7 
333 10.0 13.3 4.7 
343 10.0 13.3 4.7 
353 10.4 14.9 4.7 
363 10.9 15.9 4.7 
373 14.9 21.0 10.2 
383 16.2 37.1 12.3 
393 19.8 78.6 13.6 
403 24.7 78.2 33.3 
413 39.3 144.9 45.7 
423 65.2 395.5 53.9 
433 77.5 814.0 67.0 
2.2.3.6 Porosity 
Porosity is a fraction of volume of voids over total volume, which is between 






= −      (2.41) 
where ρave is the average apparent density of the wood; and ρtheor is a 
theoretical density of compact solid wood free from voids, which is usually 
assumed to be 1500 kg/m3. 
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De Souza Costa and Sandberg [142] also found that wood’s porosity was 
moisture dependent, and porosities of wood and char were estimated by: 

















= −    (2.43) 
where ρc is the density of carbon, which is assumed to be 1957 kg/m3. These 
two equations indicate that low-density wood has a higher porosity than 
high-density wood, and lower moisture content wood has a higher porosity. 
 
No empirical model has been found to calculate porosity of polymer by 
density. Henderson and Wiecek [52] used interpolated values between char 
and virgin polymer to describe the whole porosity. Moreover, Florio et al. [53] 










   (2.44) 
where δ is the decomposition porosity coefficient. As shown in the equation, 
porosity of polymers is also dependent on mass and initial porosity, which is 
similar to above model described porosity of wood. 
 
From above models, it is noticed that porosity of wood can be simply 
described by their densities. However, few models have been found to 
describe polymers’ porosity. 
2.2.4 Failure processes 
Serious concern was raised about failure of combustible materials under both 
heating and loading in recent years. Fire-included damage experienced by 
laminates includes matrix pyrolysis, pore formation, delamination cracking, 
matrix cracking, fibre-matrix debounding, and char formation, shown in Fig. 
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2.2 [7]. Numerical modeling was found as the simplest and low-cost way for 
the prediction of structure failure [49,75,143-144].  
 
Experiments by Elmughrabi et al. [145] showed that fire reaction properties, 
heat release rate and smoke production, and time-to-ignition were affected by 
external loading. Modeling of combustible materials may be different when 
they are positioned under both heating and loading. 
 
Fire-induced damage to composite structures is difficult to be accurately 
simulated because it is dependent on many parameters, with the main factors 
being temperature and duration of the fire; volumetric dilations and toughness 
properties of the material at high temperature; and type and magnitude of 
external loading (including the boundary conditions) [7]. Modeling of failure 




Fig. 2.2 Cross-sectional view of fire-damaged laminate [7] 
Chapter 2: Literature review 
-42- 
 
2.3 Previous models for combustible materials 
2.3.1 Wood 
Wood are the most frequently used combustible materials in one-dimensional 
modeling. The main chemical components of wood are cellulose, 
hemicelluloses and lignin. These three components have quite different 
thermal pyrolysis characteristics. Experiments showed that these components 
pyrolyze to release volatiles over different temperature ranges [2]. Cellulose is 
from 513 to 623 K, hemicelluloses is from 473 to 533 °C, and lignin is from 
553 to 773 K. 
 
Solid phase of wood under external heat flux can be divided into three layers. 
The upper, middle and bottom layers are char layer, pyrolysis layer and virgin 
wood, respectively. Char front is defined as the transition between the char 
layer, a zone of cracked charcoal that has no relevant strength or stiffness 
properties, and the pyrolysis layer, the zone where thermal pyrolysis of wood 
and char formation are actually occurring. This transition is usually considered 
to be located at the 573 K (300 °C) isotherm, named char-line [146].  
 
When external heat flux appears, parts of heat are reflected to the air by 
radiation, which is dependent on surface emissivity of wood, and surface and 
ambient temperatures. Part of heat goes straight into wood slab which can be 
calculated by thermal conductivity. There also exists convective heat between 
surface and surrounding air. Several main fire processes occur in pyrolysis 
layer, such as water evaporation, pyrolysis reactions and produce of gas 
volatiles. During water evaporation process, bound water first change into free 
water. Water vapor is then produced by vaporization of free water. Vapor and 
gas volatiles transport through pores inside wood sample, which can be 
expressed by Darcy’s law. The main fire processes of wood under external 
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heat flux are shown in Fig. 2.3. 
 
Appendix B shows a summary of considerations of fire processes in previous 
one-dimensional models. It is known that almost all previous models have 
considered heat conduction, pyrolysis reaction and production of gas volatiles. 
However, considerations of some fire processes, such as shrinkage, internal 
gas pressure, water evaporation, properties of permeability and porosity, and 
mechanical behaviors, are less taken in previous models. 
 
 
Fig. 2.3 Main fire processes of wood under external heat flux 
2.3.2 Non-charring polymers 
Non-charring polymers burn out with no or very few residue. The main fire 
processes of these polymers are similar to the wood, which are shown in Fig. 
2.4. Solid phase of non-charring polymers can be divided into two layers. The 
upper layer is pyrolysis layer, in which pyrolysis reactions occur. Gas volatiles 
and vapor are produced in this layer, which exhaust to the air from pyrolysis 
layer through surface. During this process, mass flux of gas volatiles is 
determined by several properties, such as permeability, porosity, internal 
pressure, etc. The bottom layer is virgin polymer. Non-charring polymers 
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leave no or very few residue, which can be modeled using theory similar to 
flammable liquids [23]. 
 
Appendix C shows a summary of considerations in previous one-dimensional 
models for non-charring polymers. It is noticed that consideration of some fire 
processes, such as internal gas pressure, water evaporation, properties of 
permeability and porosity, are less taken in previous models. 
 
 
Fig. 2.4 Main fire processes of non-charring polymers under external heat flux 
2.3.3 Charring polymers 
As commonly used in buildings, charring polymers attract much attention 
from researchers and engineers. The main fire processes of charring polymers 
under external heat flux are shown in Fig. 2.5. Although fire processes are 
similar to wood, damages will be much serious because of large amount of 
toxic gas volatiles and volume change. 
 
Appendix D shows a summary of considerations in previous one-dimensional 
models for charring polymers. Some sandwich panels are classified into 
charring polymers as one layers of the sandwich panels are wood or cardboard, 
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even though the other layers are intumescent polymers. Fire processes of these 
polymer sandwich are complicated as materials in different layers will be 
affected by each other. 
 
 
Fig. 2.5 Main fire processes of charring polymers under external heat flux 
2.3.4 Intumescent polymers 
Intumescent polymers undergo several reactions which can be characterized as 
[136]: (i) melting – polymer matrix melts and degrades to form a viscous fluid. 
Commercial coatings may also include a fire-retardant component which 
degrades during this stage; (ii) intumescence – components within the coating 
pyrolyzes to produce large amounts of gas of which some fraction is trapped 
within the molten matrix; (iii) char formation – molten fluid hardens and 
releases residual volatile components, and (iv) char degradation – the char 
layer oxidizes or pyrolyses leaving only an inert, porous matrix. The main fire 
processes of intumescent polymers under external heat flux are shown in Fig. 
2.6. Solid phase of intumescent polymers can be divided into three layers: char 
layer, expanding layer and virgin polymer. 
 
Appendix E shows a summary of considerations in previous one-dimensional 
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models for intumescent polymers. It is noticed that all models have considered 
heat conduction, pyrolysis reaction, production of gas volatiles and expansion. 
 
 
Fig. 2.6 Main fire processes of intumescent polymers under external heat flux 
2.3.5 A summary of previous models 
Appendixes B to E show summary of considerations in previous 
one-dimensional models for wood, non-charring, charring and intumescent 
polymers. It is known that wood are the most popular material in previous 
studies. At the early stage, numerical modeling has been focused on spherical 
samples, such as wooden dowel [71]. And later focuses then transferred to 
wood slabs under constant heat flux [72,147]. Experimental data from cone 
calorimeter were usually used to validate numerical modeling as those data 
have considered several important fire processes, such as heat conduction, 
pyrolysis and gas volatiles. Other fire processes, such as volume change, 
internal gas pressure, water evaporation, permeability and porosity, are also 
reflected by these experimental data. Volume change is very important aspect 
as it have serious effect on modeling results. In cone calorimeter, as those 
samples were enclosed in sample holder, it is impossible to measure dynamic 
volume change of wood slabs under heat flux. Previous models usually 
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assumed that volume change was connected with other factors, such as mass 
loss, pore and heat flux. 
 
Some fire processes were less considered in previous models. It is noticed that 
almost all previous models have considered three fire processes, such as heat 
conduction, pyrolysis and gas volatiles. This is because they are fundamental 
to describe fire behaviors of combustible materials. However, some important 
fire processes, such as volume change, internal pressure, water evaporation, 
permeability, porosity and mechanical behaviors, have been less considered in 
previous models. One of the main challenges is the complexity of these 
processes. To describe one fire process, a large number of input parameters are 
required. For example, several parameters are needed to predict gas volatiles 
inside combustible materials, such as internal pressure, gas concentration, 
permeability, porosity, gas viscosity and molecular weight of each gas species. 
Another challenge is that there is no consensus about the descriptions of these 
fire processes, which is because experimental data are absent to validate these 
processes. 
 
It is significant to conduct fire behavior modeling of charring and intumescent 
polymers. The less investigation of charring and intumescent polymers is 
because their complexities. As mentioned above, many parameters are needed 
to describe one fire process. The situation becomes even worse when some 
other processes are involved, such as volume change, having significant 
influences on modeling. For example, intumescent polymers go through 
expansion very soon after external heat flux appears. Sometimes, their volume 
can be expanded to more than 10 times of original volume. Protective char on 
the surface could prevent heat penetration as well. 
 
A model to predict these four types of combustible materials is urgently 
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needed. It is challenging to utilize uniform expression to consider all the 
features for these four types of combustible materials. For one fire process, 
each type of combustible materials may have their own appropriate expression. 
However, when facing different types of combustible materials, their 
applications may be hampered when different expressions are needed to 
describe one fire process. In this study, one of the main objectives in the 
development of new numerical model is to choose the appropriate uniform 
expression to describe fire processes for different types of combustible 
materials. 
2.4 Concluding remarks 
This chapter presented a state of the art review on fire processes of 
combustible materials, including wood, non-charring, charring and 
intumescent polymers. The following conclusions can be addressed: 
 
(1) It was known from literature review that experimental data and 
empirical models are critically needed to describe fire processes of 
combustible materials. Fire processes of combustible materials include 
thermal, chemical, physical, and failure processes. Combustible materials can 
be divided into wood, non-charring, charring, and intumescent polymers. 
Experimental data and empirical models of combustible materials will greatly 
benefit fire behavior modeling and fire risk evaluation. 
 
(2) Applications of numerical modeling are hampered as almost all of 
previous models have only focused on single type of combustible material. A 
mathematical model which can describe fire processes of different types of 
combustible materials is significant to improve modeling accuracy and to 
expand application fields. It will also be an impulsive force to full scale 
modeling of building fires. 
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(3) Although thermal, chemical and physical processes were often 
included in one-dimensional modeling, attentions should to be also paid on 
combustion processes of gas volatiles. Individual gas volatiles, such as CO, 
CO2, are needed to be investigated. To improve modeling accuracy, several 
considerations such as volume change, water evaporation, transportation of 
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Chapter 3: Mathematical formulation of FiresCone and 
its solution methodology 
3.1 Introduction 
A new mathematical model, FiresCone, was developed to simulate fire 
behaviors of combustible materials under external heat flux. Computational 
domain included solid and gas phases. In the solid phase, a one-dimensional 
domain was developed to simulate pyrolysis processes inside combustible 
materials. To improve modeling accuracy and expand its application, 
FiresCone has considered as many fire processes as possible, such as water 
evaporation, volume change, liquids and gases transportation and in-depth 
radiation. In the gas phase, two-dimensional Navier-Stokes equations were 
adopted to simulate combustion processes of gas volatiles which are exhausted 
from the solid phase. To solve the problem, conservation equations of solid 
and gas phases were discretized by fully implicit finite volume method. 
Quadratic Upstream Interpolation for Convective Kinematics (QUICK) was 
adopted for the discretization of convection term. Staggered grid approach was 
used to solve momentum equations to avoid convergence problems and 
oscillations in pressure field. Pressure Implicit with Splitting of Operators 
(PISO) algorithm was utilized to solve pressure-velocity coupling. 
3.2 Mathematical model 
3.2.1 Governing equations 
A mathematical model, FiresCone, was developed to simulate fire behaviors of 
combustible materials under external heat flux. Fig. 3.1 shows a schematic of 
combustible materials under external heat flux. Fig. 3.2 gives the 
computational domain in FiresCone. Both solid and gas phases were 
Chapter 3:Mathematical formulation of FiresCone and its solution methodology 
-51- 
 
considered in FiresCone. Consideration of solid phase was to simulate 
pyrolysis and transportation processes of gases and liquids inside combustible 
materials. And consideration of gas phase was to simulate combustion 
processes of gas volatiles exhausted from the solid phase. Several assumptions 
were adopted in this model: 
 
(1) Computational domain was divided into solid and gas phases. Solid 
phase was considered one-dimensional, and gas phase was considered 
two-dimensional; 
 
(2) Homogeneous reactions in solid phase were ignored, which were only 
considered in gas phase; 
 
(3) All gas species have the same thermal property. Gas species in the 
solid phase were assumed as ideal gas, and in gas phase were assumed as 
incompressible ideal gas; 
 
(4) Influence of volume change in the solid phase on gas phase was 
ignored; and physical phenomenon of cracking was ignored; and 
 
(5) Body forces such as gravity and shear stress were ignored. 
 
Combustible materials undergo many fire processes when they are put under 
external heat flux. Conservation equations can be used to describe these fire 
processes by tracking the energy, mass, momentum and species. Conservation 
equations were developed in this study to describe pyrolysis reactions and 
mass transportation processes in the solid phase: 
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where Eq. (3.1) is the energy conservation equation; Eqs. (3.2) to (3.4) are the 
mass conservation equations of solid, gas and liquid, respectively; Eq. (3.5) is 
the gas species equation; and Eq. (3.6) is the liquid species equation. 
 
 
Fig. 3.1 Schematic of combustible material under extern heat flux 
 
In the gas phase, combustion processes of gas volatiles happen under high 
temperature when they were exhausted from the solid phase. Two-dimensional 
Navier-Stokes equations were adopted to describe the combustion processes in 
the gas phase, which were expressed by: 
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where Eq. (3.7) is the energy conservation equation; Eq. (3.8) is the continuity 
equation; Eq. (3.9) and Eq. (3.10) are the momentum equation in X and Y 
directions, respectively; and Eq. (3.11) is the gas species equation. 
 
 
Fig. 3.2 Computational domain in FiresCone 
3.2.2 Thermal processes 
When combustible materials are exposed under external heat flux, heat will 
transfer to the depth side from surface, which can be expressed by heat 
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λ ∂′′ = −
∂
   (3.12) 
 
Heat loss due to surface radiation can be calculated by Stefan-Boltzmann law. 
It states that total energy radiated per unit surface area of a grey body per unit 
time is directly proportional to the fourth power of black body’s 
thermodynamic temperature. Heat loss due to surface radiation can be 
calculated by: 
 " 4 4, 0( )rad loss surq T Tεσ= −   (3.13) 
 
Heat loss due to convection can be described by Newton’s law of cooling, 
which states that rate of heat loss of a body is proportional to the difference in 
temperatures between the body and its surroundings. Heat loss due to 
convection was given by: 
 " 0( )conv surq h T T= −    (3.14) 
 
Absorption of radiation can be expressed by Beer-Lambert Law. It states that 
there is a logarithmic dependence between transmission of light through a 
substance and the absorption coefficient of this substance times the distance 
the light travel through the substance. The radiation heat flux inside 
combustible material can be expressed by: 
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3.2.3 Chemical processes 
Three types of reactions were considered in FiresCone. The first is to describe 
physical change, such as water evaporation, melting of non-charring polymers. 
Arrhenius law was used to describe physical change rate. This type of 
reactions should belong to physical processes. It is introduced it here because 
it can show an overall consideration of reactions in FiresCone. The second 
type of reactions is heterogeneous reaction, which describes the reactions with 
more than one phase. The last type of reactions is homogeneous reaction. 
Reactions considered in FiresCone included: 
 1kSOLID LIQUID h→ +∆   (3.17) 
 221 22 23 24_1 _1 _ 2 _ 2
kv SOLID v GAS v SOLID v GAS h+ → + +∆   (3.18) 
 331 32 33 34_1 _ 2 _ 3 _ 4
kv GAS v GAS v GAS v GAS h+ → + +∆   (3.19) 
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Consumption rate of reactants and production rate of products can be 
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Descriptions of density for gas and liquid species are much more complicated 
than solids as they transport inside combustible materials. Transportation 
processes have been described above in Eqs. (3.5) and (3.6), respectively. 





  (3.22) 
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Heat of reaction is the change in enthalpy for a reaction. Yang and Roy [148] 
mentioned that enthalpy change which occurs during pyrolysis consists of 
three parts: heat capacity, heat of reaction and heat of vaporization. For normal 
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where the ΔCP, i is zero for homogeneous reactions as there is no change of 
specific heat capacity during reaction. 
3.2.4 Physical processes 
3.2.4.1 Transportation process of gases and liquids 
In the solid phase, gas volatiles transport inside combustible materials under 
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Porosity of combustible materials was assumed related to the mass, which was 
estimated by [141]: 








= − ∑   (3.28) 
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3.2.4.2 Volume change 
It was assumed that the densities of solid and liquid species keep constant 
even under high temperature. Control volume width was assumed related to 
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Transient thickness of the combustible material was calculated by the 
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3.2.5 Thermal properties 
Thermal properties in the solid phase are usually related to mass and volume 
of solid or liquid. They can be estimated in two ways, such as mass fraction 
basis and volume fraction basis. Some thermal properties, such as permeability, 
diffusion coefficient, emissivity, radiation absorption coefficient, and thermal 
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3.2.6 Initial and boundary conditions 
Initial conditions in the solid phase were expressed as follows: 
 ( )0 0 0 0 ,00 0 01 , ,s l g gt t tX Xρ ρ ρ ρ ρ ρ= = == − = =   (3.33) 
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 00 0, 0g l ttu u == = =   (3.35) 
 00tP P= =   (3.36) 
 00tT T= =   (3.37) 
 00tx x=∆ = ∆   (3.38) 
 00tX X= =   (3.39) 
 
Initial conditions in the gas phase were given as: 
 0 00, 0t tu v= == =   (3.40) 
 00tT T= =   (3.41) 
 ,00g gtρ ρ= =   (3.42) 
 00g tP P= =   (3.43) 
 , , 00g i g itY ρ= =   (3.44) 
 
Boundary conditions in the solid phase were expressed as: 
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Open boundary conditions in the gas phase were expressed by: 
 00, 0,
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Open boundary conditions were different when flow entering or flowing out of 
the domain, which were determined by upwind conditions: 







  (3.49) 
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The heaters were considered no-slip, which can be expressed by: 






   (3.52) 
3.3 Solution methodology 
3.3.1 Program structure of FiresCone 
FiresCone contains two sub-programs, namely FSolid and FGas. FSolid was 
used to simulate pyrolysis processes of combustible materials under external 
heat flux. Pyrolysis reactions of combustible materials and their products, 
transportation processes of liquids and gases and volume change were 
considered. Sub-program of FGas was used to simulate combustion processes 
of gas volatiles which are exhausted from the solid phase. Oxidation reaction 
of some gas species happen at specific temperature in the gas phase. Structure 
of FiresCone can be seen in Fig. 3.3. 
 
In FSolid, there were several modules, such as QsSolver, RsSolver, PsSolver, 
DsSolver, UsSolver, YsSolver, and TsSolver. QsSolver was used to calculate 
absorption of radiation heat from outside. RsSolver was used to describe three 
types of reactions and their energy. PsSolver was used to calculate internal 
Chapter 3:Mathematical formulation of FiresCone and its solution methodology 
-60- 
 
pressure inside combustible materials. DsSolver was used to calculate 
densities of solids, gases and liquids. UsSolver was used to describe 
transportation processes of liquids and gases inside solid phase. YsSolver was 
used to calculate mass fractions of gas and liquid species under the effect of 
pyrolysis reactions and transportation processes. And TsSolver was used to 
calculate the temperatures inside solid phase. 
 
 
Fig. 3.3 Structure of program 
 
There were also several modules in FGas, such as UgSolver, VgSolver, 
PgSolver, GRevise, RgSolver, TgSolver and YgSolver. UgSolver and 
VgSolver were used to calculate gas velocities in X and Y directions, 
respectively. PgSolver was used to calculate gas pressure. GRevise was used 
to solve pressure-velocity coupling problems. RgSolver was used to describe 
combustion reactions of gas volatiles and to calculate involved energy. 
TgSolver was used to calculate temperature in the gas phase. And YgSolver 
was used to calculate mass fractions of gas species under diffusion and 
convection. 
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Boundary conditions of bottom inflow of gas phase were determined by gas 
flow from the solid phase. The data calculated by UsSolver, DsSolver, 
YsSolver and TsSolver provided boundary conditions for the gas phase. 
Modeling results of FGas and FSolid were outputted for post-processing. 
 
In the following sections, solution methodology for two-dimensional domain 
was provided. Solution methodology of one-dimensional domain was much 
simpler, which can be solved using similar way. 
 
 
Fig. 3.4 Grids by finite volume method 
3.3.2 Discretization 
Finite Volume Method (FVM) is one of the most popular discretization 
techniques, which was largely used in commercial software packages. Using 
FVM, computational domain was divided into a number of control volumes. 
Values in one control volume were considered same. Whole computational 
domain can be considered as a number of control volumes with same values in 
each control volume. The differential form of equations was determined by 
discretization. During transformation of equations, interpolation was used to 
describe the variation at the interface of two adjacent control volumes. Grid 
system of finite volume method can be seen in Fig. 3.4. In this figure, box 
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under twill represents one control volume, and black point represents the 
center of this control volume. The n, s, w, e under shading represent interfaces 
between this control volume and adjacent control volumes. 
 
To break the limitation of grid sizes during numerical modeling, fully implicit 
method was used to discretize the whole computational domain. Implicit 
method for the discretization of time and space can be expressed, respectively: 
 ( ) ( ) ( )t t t tf t tΦ +∆ = Φ + ∆ Φ + ∆     (3.53) 
 ( ) ( ) ( )fξ ξ ξ ξ ξ ξΦ + ∆ = Φ + ∆ Φ + ∆     (3.54) 
 
It was also obtained by transforming above equations: 





= = Φ + ∆  ∂ ∆
  (3.55) 
 




Φ + ∆ −Φ∂Φ
= = Φ + ∆  ∂ ∆
  (3.56) 
where Ф(t+Δt) and Ф(ξ+Δξ) are unknown values representing the values of 
new time step and adjacent control volume, respectively. It means that the 
values at new time step are not directly calculated by the values at last time 
step. As fully implicit method was used, governing equations were discretized 
into non-linear partial differential equations, which can be solved by iteration. 
 
Staggered grids were used to avoid convergence problems and oscillation in 
pressure field. Using staggered grids, scalar variables such as pressure, density 
and temperature were stored in the center of control volume, and velocity or 
momentum variables were located at the interfaces of control volume. For 
two-dimensional problems, three kinds of grid systems were needed. The other 
two grid systems were used to describe velocities in X and Y directions, 
respectively. Discretization techniques for staggered grids can be seen in Fig. 
3.5 and Fig. 3.6. 




Fig. 3.5 Discretization techniques for main grid and U grid 
 
 
Fig. 3.6 Discretization techniques for main grid and V velocity grid 
 
To describe convective term accurately, information of control volume from 
upstream side must be used. Quadratic Upstream Interpolation for Convective 
Kinematics (QUICK) is a high order differencing scheme which has added the 
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information of three control volumes from upstream, shown in Fig. 3.7. When 
the fluid flows to the right, the value at point e can be represented by three 
points, such as E, P and W. The value at point w is represented by three points, 
such as P, W and WW. The situation is different when flow changes the 
direction. When the fluid flows to the left, the value at point w is then 
represented by three points, such as W, P and E. 
 
 
Fig. 3.7 Schematic of QUICK algorithm 
 














    (3.57) 
where Fe is the mass flux at interface e; eS
+  and eS
+  are the source terms, 
representing values from last time step, which can be expressed by, 
 ( )0 0 01 3 28e E P WS
+ = Φ − Φ −Φ   (3.58) 
 ( )0 0 01 3 28e P E EES
− = Φ − Φ −Φ   (3.59) 
 
Considered the information from two directions, Фe can be expressed by: 
 ( )( ) ( )( )1 2e e P e e E ef F S f F S+ −Φ = Φ + + Φ +   (3.60) 
where f1 is a function which outputs 1 if input is large than 0 (representing the 
flow direction), and outputs 0 if input is smaller than 0. And f2 is a function in 
an opposite way. 
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3.3.3 Pressure-velocity coupling 
Pressure-velocity coupling is the relationship between pressure and velocity. 
As there is no independent equation for gas pressure, gas pressure is needed to 
be solved by coupling of continuity and momentum equations. In momentum 
equation, gas pressure is considered as a source term and velocity shows linear 
dependence on pressure. For velocity, the solution from momentum equations 
may not satisfy the continuity equation. 
 
Pressure-velocity coupling is a very important issue in solving Navier-Stokes 
equations as most of calculation time is spent on this problem. Pressure 
Implicit with Splitting of Operators (PISO) is one of the method based on 
SIMPLE algorithm. After careful tests, PISO algorithm was found to provide a 
faster solution process of Navier-Stokes equations than SIMPLE and 
SIMPLER algorithms for unsteady problems in this study. So PISO algorithm 
was used in this study. 
 
Procedure of PISO algorithm can be seen in Fig. 3.8. Compared to SIMPLE 
algorithm, PISO algorithm conducts a second revision of velocity and pressure, 
which largely accelerates convergence process. The second revision in dashed 
box is unique in PISO algorithm. If take out the steps in dashed box, procedure 
in this figure is the SIMPLE algorithm. 
3.3.4 Solution of governing equations 




t x y x x y y
ρ ρ ρ  ∂ Φ ∂ Φ ∂ Φ ∂ ∂Φ ∂ ∂Φ + + = Γ + Γ +  ∂ ∂ ∂ ∂ ∂ ∂ ∂   
  (3.61) 
 




Fig. 3.8 Procedure of PISO algorithm 
 
Main grids of two-dimensional domain can be seen in Fig. 3.9. Control 
volume with twill is the analyzed control volume. Filled circles (such as P, W, 
E, N and S) in the center of control volumes represent the main grids. The 
main grids represent variables such as density, pressure and mass fraction. 
Point (such as w, e, nw and ne) in grey highlighting box is the grid for U 
velocity, and point (such as n, s, en and es) in black highlighting circle is the 
grid for V velocity. 
 
It is obtained by integrating Eq. (3.61): 
 
t t n e t t n e
t s w t s w
t t n e t t n e
xt s w t s w
t t n e t t n e












∂ Φ ∂ Φ
+
∂ ∂
∂ Φ ∂ ∂Φ + = Γ ∂ ∂ ∂ 
 ∂ ∂Φ
+ Γ + ∂ ∂ 
∫ ∫ ∫ ∫ ∫ ∫
∫ ∫ ∫ ∫ ∫ ∫
∫ ∫ ∫ ∫ ∫ ∫
  (3.62) 




Fig. 3.9 Main grid in two-dimensional domain 
 
 
Fig. 3.10 Three kinds of grids in solving main variables: (a) main grid; (b) U 
grid; and (c) V grid 
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Unsteady term can be transformed by fully implicit method: 
 ( ) ( )0





+∆ ∂ Φ  = Φ − Φ ∆ ∆ ∂∫ ∫ ∫   (3.63) 
where (ρФ)0 is the value at last time step. Terms without superscript represent 
the values at new time step, same as below. 
 
Convective term can be transformed to: 
 ( ) ( )
t t n e
e wt s w
u dxdydt u u y t
x
ρ ρ ρ
+∆ ∂ Φ  = Φ − Φ ∆ ∆ ∂∫ ∫ ∫   (3.64) 
 ( ) ( )
t t n e
n st s w
v dxdydt v v x t
y
ρ ρ ρ
+∆ ∂ Φ  = Φ − Φ ∆ ∆ ∂∫ ∫ ∫   (3.65) 
 
And diffusion terms in X and Y directions can be transformed to, respectively: 
 
t t n e
x x xt s w
e w
dxdydt y t
x x x x
+∆  ∂ ∂Φ ∂Φ ∂Φ     Γ = Γ − Γ ∆ ∆      ∂ ∂ ∂ ∂       
∫ ∫ ∫   (3.66) 
 
t t n e
y y yt s w
n s
dxdydt x t
y y y y
+∆       ∂ ∂Φ ∂Φ ∂Φ
Γ = Γ − Γ ∆ ∆      ∂ ∂ ∂ ∂       
∫ ∫ ∫   (3.67) 
 
Source term is changed to: 
 
t t n e
t s w
Sdxdydt S x y t
+∆
= ∆ ∆ ∆∫ ∫ ∫   (3.68) 
 
Substituting Eqs. (3.63) to (3.68) into Eq. (3.62): 
 
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
( ) ( )
0
2
1 1 e w
e wP P
n s xe xw
n s E P P W
yn ys
N P P S
u u
t t x x
v v






  Φ − Φ + Φ − Φ  ∆ ∆ ∆ ∆   
  Γ Γ + Φ − Φ = Φ −Φ − Φ −Φ   ∆ ∆ ∆ ∆  
Γ Γ 
+ Φ −Φ − Φ −Φ + ∆ ∆ 
  (3.69) 
 






  (3.70) 
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It is gained that: 
( ) ( ) [ ] [ ]




e e w w n n s sP P
yn ysxe xw
E P P W N P P S
F F F F S
t t
x x y y
ρ ρ Φ − Φ + Φ − Φ + Φ − Φ = + ∆ ∆ 
Γ Γ Γ Γ Φ −Φ − Φ −Φ + Φ −Φ − Φ −Φ  ∆ ∆ ∆ ∆   
 (3.71) 
 
Using QUICK algorithm, value at interface can be expressed by: 
 ( ) ( )1 2e ee P E eF Ff f SΦ = Φ + Φ +   (3.72) 
 
And source term is expressed by: 
 ( ) ( ) ( ) ( )1 2
1 13 2 3 2
8 8e ee E P W P E EEF F
S f f= Φ − Φ −Φ + Φ − Φ −Φ   (3.73) 
 
The governing equation can be finally changed to: 
 W W P P E E S S N Na a a a a S bΦ + Φ + Φ = Φ + Φ + +   (3.74) 
where, 







  (3.75) 
( ) ( ) ( ) ( )1 2 1 22 2 2 2 e w n s
e w n sP
P e w n sF F F F
F F F Fa f F f F f F f F
t x x y y
ρ
= + + + + + − + −
∆ ∆ ∆ ∆ ∆
 (3.76) 







  (3.77) 







  (3.78) 







  (3.79) 








  (3.81) 
 
Fig. 3.11 shows U grid in two-dimensional domain. To analyze the velocities 
in X direction, control volume with twill is the analyzed control volume with 
the velocity e in the center. The U grid is half grid right from main grid. 
Velocities in surrounding grids w, ee, ne and se are then used to calculate the 
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velocity e. Momentum equation in X direction can be transformed to: 
 w w e e ee ee se se ne nea u a u a u a u a u S b+ + = + + +   (3.82) 
 
 
Fig. 3.11 U grid in two-dimensional domain 
 
 
Fig. 3.12 V grid in two-dimensional domain 
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Fig. 3.12 shows V grid in two-dimensional domain. The V grid is also 
different from main grid and U grid, which is half grid upper from the main 
grid. Velocity n in Y direction, filled with twill, is then represented by its 
surrounding grids, such as wn, en, nn and s. Momentum equation in Y 
direction can be transformed to: 
 wn wn n n en en s s nn nna v a v a v a v a v S b+ + = + + +   (3.83) 
3.4 Concluding remarks 
In this chapter, a new mathematical model, FiresCone, was developed to 
simulate pyrolysis and combustion processes of combustible materials under 
external heat flux. FiresCone has considered as many fire processes as 
possible to improve the modeling accuracy and expand its application. 
Computational domain included solid and gas phases. In the solid phase, a 
one-dimensional domain was developed to simulate pyrolysis processes inside 
combustible materials. In the gas phase, two-dimensional Navier-Stokes 
equations were adopted to simulate combustion processes of gas volatiles. 
Governing equations of solid and gas phases were discretized by fully implicit 
finite volume method. Quadratic Upstream Interpolation for Convective 
Kinematics (QUICK) was adopted to discretize convection terms. Staggered 
grid approach was used to solve momentum equations to avoid convergence 
problems and oscillations in pressure field. Pressure Implicit with Splitting of 
Operators (PISO) algorithm was used to solve pressure-velocity coupling. 
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Chapter 4: Fire behaviors of wood under autoignition 
conditions 
4.1 Introduction 
Compared to piloted ignition, autoignition is also an important aspect to real 
fire development. Autoignition is a complex phenomenon that combustible 
materials are ignited without acceleration of spark plug or independent flame. 
Investigation of fire behaviors under autoignition conditions is very important 
to fire risk evaluation. However, very few studies have been taken in this 
aspect. Therefore, fire behaviors of six wood species, namely pine, beech, 
cherry, oak, maple and ash, were investigated under autoignition conditions in 
a cone calorimeter. Fire behaviors such as ignition time, mass loss rate, CO 
release rate and CO yields were analyzed. Influences of moisture on fire 
behaviors were also investigated. Empirical models were developed to predict 
autoignition time, average mass loss rate, and CO yields for wood slab with 
various moisture contents under autoignition conditions. 
4.2 Experimental design and methodology 
4.2.1 Materials 
Measured properties of wood samples are listed in Table 4.1. These wood 
species were chosen in this study because they are most popular building 
materials. Piloted ignition of these species have been largely investigated in 
previous studies, so it become possible to compare fire behaviors between 
autoignition in this study and piloted ignition in previous studies. Sample sizes 
were 100 mm × 100 mm with different thicknesses, namely 10, 20, and 30 
mm. 
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Wet wood samples were put in ambient environment for more than 48 hours to 
achieve a balance of absorption of moisture in the air. To gain dry wood 
samples, wet wood samples were then conditioned in a furnace at a range of 
102 to 105 °C to drop off moisture inside. Moisture contents were measured 
according to ovendry method [149]. Periodical weighing were taken until no 
further weight loss was registered. Samples with three different thicknesses 
were prepared. 
 











Pine Along 392.7 446.8 0.121 
Beech Along 566.6 632.4 0.104 
Cherry Along 494.6 557.6 0.113 
Oak Along 804.0 897.3 0.104 
Maple Along 673.4 748.2 0.100 
Ash Along 610.6 680.0 0.102 
4.2.2 Apparatus 
Cone calorimeter as a frequent used equipment for piloted or autoignition 
experiments was used in this study [150-153]. Wood samples were put in 
horizontal orientation on specimen holder. External heat flux of 25, 50 and 75 
kW/m2 were chosen, representing low, middle and high heat flux. Fig. 4.1 
shows a view of sample in cone calorimeter. 
4.2.3 Procedure 
Before experiments, gas analyzers and external heat flux were first calibrated 
accordingly. The edges and rear surface of sample were covered with 
aluminum foil. Ceramic fibre blanket was used underneath sample for 
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insulation. Sample was then secured on a specimen holder and placed under 
heater horizontally. Change in weight was dynamically recorded using a 
built-in weighting device. A sample was considered ignited when visible flame 
was first observed. During experiments, the fan flow rate was kept at about 24 
L/s. Spark plug was not used during whole experimental time. 
 
 
Fig. 4.1 View of sample in cone calorimeter 
4.2.4 Repeatability 
Each experiment was repeated at least two times. The repeatability was 
considered good when the errors were within the measurement uncertainty of 
about 15%. More runs were taken if the repeatability was not good. Fig. 4.2 
shows repeated experiments given by CO release rate. It is known that the 
repeatability of experiments is good. The stepped nature of CO release rate is 
because measured data for CO concentration were small and stable. So CO 
concentration kept at a value for a period of time during experiments.  
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4.3 Wood under ambient environment 
4.3.1 Ignition time and ignition temperature 
Substantial amount of work have been done regarding the prediction of piloted 
ignition. Two kinds of approaches were used to develop these models: 
 
• The first is formula deduction. Quintiere [76] gained an approximate 
solution of ignition time by solving integral equations. It was assumed that 
ignition happens when surface reaches critical temperature. Ignition time was 
found to be related with thermal inertia, ignition temperature, and external 
heat flux. Atreya and Abu-Zaid [154] obtained a similar result with a different 
coefficient for the correlation. Other influencing factors were also considered 
in previous models, such as thermal thickness [155], range of external heat 
flux [12], and emissivity [155-156].  
 
• Another approach is correlation by using experimental data. Harada 
[158] found a linear correlation between ignition time and thermal inertia of 
wood samples by piloted ignition. And Babrauskas [11,159] obtained a linear 
relationship between piloted ignition time and other factors, such as density 
and external heat flux. 
 
A summary of previous models for piloted ignition time is listed in Table 4.2. 
It is known that ignition time may be related with some wood’s properties or 
environmental factors, such as thermal inertia, thickness, external heat flux, 
critical heat flux, and emissivity. 
 
By investigating wood samples with various densities under heat flux, a 
minimum thickness for particle board required to insure that it is thermal thick 
can be represented by Babrauskas and Parker [160]: 





′′      (4.1) 
where δ is the thermal thickness, mm; ρ is the density, kg/m3; and ?̇?" is the 




Fig. 4.2 Good repeatability of experiments: (a) 10 mm thickness dry wood; 
and (b) 20 mm thickness wet wood 
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Table 4.2 A summary of previous models to predict piloted ignition time 












≈  ′′ 
 
● Ignition occurs when surface 
temperature achieves critical 
value; 
● Solid is inert up to ignition; and 
● Solid is infinitely thick. 













=  ′′ 
 
● No heat losses; and 
● Surface temperature at ignition 
is assumed to be a constant. 
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● Heat losses from the sample 
surface are linearized. 
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● The material is thermally thick, 
and the thickness may be 
considered to be infinite; and 
● Reradiation losses are ignored 
in the analysis. 














=  ′′ 
 ● Thermally thick materials. 










● Empirical equation from 
experiments. 











● Empirical equation by 
correlation of literature data. 
Note: Symbols in these equations are: tig is the ignition time, s; Tig is the ignition 
temperature, °C; T0 is the ambient temperature, °C; λ is the thermal conductivity, 
kW/m·°C; ρ is the density, kg/m3; Cp is the specific heat capacity, kJ/kg·°C; q′′  is the 
external heat flux, kW/m2; L is the thickness of wood, mm; crq′′  is the critical heat flux, 
kW/m2; and ε is the emissivity. 
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According to Table 4.2, it can be obtained that previous models can be 
classified into five types of models to predict piloted ignition time. These five 
types of models will be used in the correlation to identify which one is 
appropriate to predict autoignition time in this study. These five types of 
models are introduced as follows. 
 
Quintiere [76], Atreya and Abu-Zaid [154] obtained a similar result that 
ignition time is linear with 𝜆𝜌𝐶𝑃��𝑇𝑖𝑔 − 𝑇0�/?̇?"�. Coefficients in these two 
models are 2/3 and π/4, respectively. Carslaw and Jaeger’s model [156] is 
similar to these two models under a consideration of wood’s emissivity. 
Influence of emissivity to ignition time may be ignored under this 
circumstance because they are almost identical for the tested wood samples in 
this study [161]. Mikkola and Wichman [155] obtained another equation to 
predict piloted ignition time for thermal thick or thermal thin specimens. 
According to Eq. (4.1), it is known that almost all the samples under 50 and 75 
kW/m2 heat flux are thermal thick, except oak when it is positioned under 50 
kW/m2 heat flux. For thermal thick samples, Mikkola and Wichman’s model is 
the same with above models. Models mentioned above can be considered as 












= ⋅  ′′ 
   (4.2) 
where tig is the ignition time, s; a1 is the coefficient; λ is the thermal 
conductivity, kW/m·°C; Cp is the specific heat capacity, kJ/kg·°C; Tig is the 
ignition temperature, °C; and T0 is the ambient temperature, °C. 
 
For model by Delichatsios et al. [12], external heat flux was considered as 
dependent condition. Ignition time correlates linearly with 𝜆𝜌𝐶𝑃��𝑇𝑖𝑔 − 𝑇0�/
�?̇?" − ?̇?𝑐𝑟" ��2 when external heat flux is less than 1.1 times of critical heat flux, 
and correlates with 𝜆𝜌𝐶𝑃��𝑇𝑖𝑔 − 𝑇0�/�?̇?" − 0.64?̇?𝑐𝑟" ��2 when external heat flux is 
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higher than 3 times of critical heat flux. Mehaffey [162] gained a critical heat 
flux of wood of 28 kW/m2 for autoignition. So two equations may be used to 












= ⋅  ′′ − 












= ⋅  ′′ − 
    (4.4) 
 
Another type of model is an empirical equation gained by Harada [158], 











   (4.5) 
 
Based on literature data gained by cone calorimeter, a model was developed 
by Babrauskas [11,159]. This model was sought on the basis of capturing 
density, moisture and orientation (horizontal and vertical) effects, with data 
available on densities over a range of 170-850 kg/m3. It was found that piloted 
ignition time of wood correlates linear with 𝜌0.73/�?̇?" − 11.0�1.82 . In this 
model, for piloted ignition, if ?̇?"→11.0, tig→∞. It means that the critical heat 
flux of wood by piloted ignition is about 11 kW/m2. It is known from 
Mehaffey [162] that critical heat flux of wood by autoignition is about 28 
kW/m2. Therefore, for autoignition, if ?̇?"→28.0, tig→∞. Based on this, a type 









   (4.6) 
 
Table 4.3 shows ignition time and ignition temperature of tested wood samples. 
For experiments under 25 kW/m2 heat flux, no visible flame was observed 
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during whole experimental time. It represents that critical heat flux of these 
specimens is higher than 25 kW/m2, which is much higher than those under 
piloted ignition. Ignition temperature range is about 264-558 °C. Babrauskas 
[159] obtained that the range of ignition temperature for autoignition was 
200-510 °C, which gave a little lower range of ignition temperature in this 
study. This may be because some of the experiments were conducted under 
lower external heat flux. 
 




50 kW/m2 heat flux 75 kW/m2 heat flux 
tig (s) Tig (°C) tig (s) Tig (°C) 
Pine 
10 61 558.2 23 348.6 
20 48 433.8 11 306.6 
30 27 433.1 12 314.0 
Beech 
10 46 370.6 20 338.0 
20 45 503.8 13 270.4 
30 39 370.6 18 378.9 
Cherry 
10 54 465.4 16 425.0 
20 57 543.6 11 334.4 
27 37 433.1 10 346.5 
Oak 
10 119 511.7 26 482.2 
20 79 453.5 24 353.7 
30 57 488.6 23 398.6 
Maple 
10 87 436.0 27 332.4 
20 87 491.1 26 399.2 
30 56 393.0 18 361.1 
Ash 
10 59 425.6 21 291.7 
20 57 487.6 19 340.9 
30 23 346.0 13 264.4 
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Thermal conductivity and specific heat of each wood species can be found in 
References [163-167]. Fig. 4.3 is obtained accordingly based on Eqs. (4.2) to 
(4.6). It is known from these figures that Fig. 4.3 (a)-(c) resemble each other 
as they used similar input parameters, such as thermal conductivity, density, 
specific heat capacity, ignition temperature and heat flux. The other two 
figures Fig. 4.3 (d)-(e) were different from Fig. 4.3 (a)-(c) as they used 
different input parameters, such as density and heat flux. In this study, it is 
assumed that ignition happens when surface temperature reaches ignition 
temperature. During correlation, except Eq. (4.5), non-intercept equation was 
used. 
 
The values of R2 for Eqs. (4.2) to (4.6) are 0.9189, 0.9014, 0.9137, 0.7621, and 
0.9069, respectively. It is observed that R2 value of Eqs. (4.2), (4.3), (4.4) and 
(4.6) are higher than 0.90. But in Eqs. (4.2), (4.3) and (4.4), ignition 
temperatures and thermal inertia are needed for input. It is not easy to gain 
ignition temperature for different thicknesses sample under heat flux. In Eq. 
(4.6), only density and external heat flux which are much easier to be obtained 
are needed for input. Therefore, Eq. (4.6) is suggested to be used to predict 











  (4.7) 
4.3.2 Mass loss rate 
During experiments, some noises were produced in mass loss history data. The 
mass loss history data showed oscillations during measurement. This problem 
was induced because some influencing factors, such as surface activity, gas 
bubbles, or other sources. Savitzky-Golay method [168] was used to solve this 
problem. This method optimally fits a set of data points to a polynomial in the 
least-squares sense, which has been developed and generalized well in the 
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literatures. It was demonstrated from previous study [169] that application of 
the Savitzky-Golay method using a polynomial of degree 2 worked well. So 
polynomial with degree 2 was used in this study. The main advantage of this 
method is that it tends to preserve features of the distribution such as relative 













Fig. 4.3 Correlation between autoignition time and influencing factors using 
Eqs. (4.2)-(4.6) 
 
Branca and Di Blasi [170] obtained a range of about 65-85% for weight loss of 
wood samples. As these samples vary in the final weight loss, it is very 
difficult to make an accurate comparison among average mass loss rates 
during whole experiment period. To eliminate the influence of final weight 
loss, an average mass loss rate (MLRave) from experiment start to 50% mass 
loss was analyzed in this study. 
 
An equation is assumed to examine the relationship between average mass 
loss rate and others factors, which is given as: 
 b c daveMLR a L q ρ′′= ⋅     (4.8) 
where MLRave is the average mass loss rate from experiment start to 50% mass 
loss, g/m2·s. 
 
Taking logarithm of both sides, it is gained that: 
 log log log log logaveMLR a b L c q d ρ′′= + ⋅ + ⋅ + ⋅    (4.9) 
Chapter 4: Fire behaviors of wood under autoignition conditions 
-85- 
 
Coefficients a, b, c, and d are gained respectively by using linear regression 
method. Correlation between MLRave and other factors such as thickness, 
external heat flux and density is shown in Fig. 4.4. It is known that these two 
show good linear correlation, which is expressed by: 
 0.2 0.8 0.40.016aveMLR L q ρ′′=    (4.10) 
 
 
Fig. 4.4 Correlation between average mass loss and other factors 
 






=    (4.11) 
where m0 is the original mass, g. 
 
It is known that MLRave correlates linearly with 𝐿0.2?̇?"0.8𝜌0.4, and original 









  (4.12) 
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Fig. 4.5 shows a correlation between t50 and 𝐿0.8?̇?"0.6𝜌0.8. These two show a 









  (4.13) 
 
 
Fig. 4.5 Correlation between time at 50% mass loss and other factors 
4.3.3 CO release rate 
Fig. 4.6 shows CO release rate of beech dependent on thickness when they are 
put under 25 kW/m2 heat flux. It is observed that thickness has little effect on 
peak CO release rate. However, time to peak is postponed with a higher 
thickness. This may be because the temperature of thin wood slabs increase 
faster than thick one when they are put under the same heat flux. Pyrolysis 
reactions then start earlier for a thinner wood sample. For wood samples under 
25 kW/m2, no visible flame was observed during whole experimental time. 
 
Fig. 4.7 shows CO release rate of beech dependent on thickness when they are 
put under 50 kW/m2 heat flux. Similarly, thickness is observed having little 
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influence on peak CO release rate, and time to peak get longer with a higher 
thickness. From Table 4.3, range of ignition time for tested wood samples is 
39-46 s. It is observed from this figure that a sharp decrease of CO release rate 
shows shortly after ignition and a second peak is near the end of experiment. 
Mulholland et al. [171] found a similar phenomenon during the experiments of 
wood. Grotkjar et al. [172] observed a dramatic increase of CO2/CO ratio 
when pyrolysis/smoldering change to flaming ignition. This may be due to the 
influences of flame. Oxidation reaction of CO may be accelerated when flame 





Step Wood O H O CO others products
Step CO O CO
+ → + +
 + →
  (4.14) 
 
 
Fig. 4.6 CO release rate of beech dependent on thickness under 25 kW/m2 heat 
flux 
 
According to this two-steps reaction, a dramatic decrease of CO may be 
because reaction rate of step 2 increases significantly when flame is presented. 
Huggett [173] determined that heat release from a complete combustion 
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involving conventional organic fuels is 13.1 kJ/g of oxygen consumed. After 
ignition, heat release increases significantly, representing a higher oxygen 
consumption. Some part of oxygen may then be used in step 2, leading to an 
increase of CO2 and decrease of CO and O2. 
 
 
Fig. 4.7 CO release rate of beech dependent on thickness under 50 kW/m2 heat 
flux 
 
Fig. 4.8 shows CO release rate of beech dependent on thickness under 75 
kW/m2 heat flux. Peak CO release rate shows at the end of experiment. From 
Table 4.3, range of ignition time for these wood samples is 13-20 s. Similarly, 
it is observed that a sharp decrease of CO release rate shows shortly after 
ignition and a second peak is near the end of the experiment. 
 
Fig. 4.9 shows CO release rate of beech dependent on external heat flux. It is 
observed that external heat flux has obvious effect to CO release rate. Peak 
CO release rate gets much higher under a lower heat flux. It increases when 
heat flux decreases from 75 to 50 kW/m2, but the increment is not significant. 
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Take the first peak as example, CO release rate increases from 0.0014 to 
0.0039 g/s when heat flux decreases from 50 to 25 kW/m2. However, when 




Fig. 4.8 CO release rate of beech dependent on thickness under 75 kW/m2 heat 
flux 
4.3.4 CO yield 
Previous studies [174] showed that it is not possible to predict, from an 
additivity law, pyrolysis gas yields of any biomass from its composition in 
cellulose, hemicelluloses and lignin. Therefore, correlation between CO yield 
and other influencing factors, such as density, thickness and external heat flux, 
was analyzed in this study. 
 
Fig. 4.10 shows influence of density to average CO yield (yCO). It is observed 
that average CO yield decreases exponentially with density. It might be gained 
that the yCO correlates linearly with ρ-c. 




Fig. 4.9 CO release rate of beech dependent on external heat flux 
 
 
Fig. 4.10 Influence of density to average CO yield 
 
Fig. 4.11 shows the influence of thickness (L) to average CO yield. Similarly, 
average CO yield shows a decreasing trend when thickness is getting higher. It 
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may be known that average CO yield has a linear correlation with L-d. 
 
 
Fig. 4.11 Influence of thickness to average CO yield 
 
Fig. 4.12 shows the influence of heat flux to average CO yield. When heat flux 
is higher than 50 kW/m2, average CO yields are less than 0.025 g/g. Average 
CO yields are higher than 0.04 g/g when heat flux is 25 kW/m2. These data 
may represent that average CO yield correlates linearly with ?̇?"−𝑏. 
 




CO b c dy a q Lρ
=
′′    (4.15) 
 
Taking logarithm of both sides, Eq. (4.15) can be transformed to: 
 log log log log logCOy a b q c d Lρ′′= − ⋅ − ⋅ − ⋅   (4.16) 
 
It is determined that a, b, c, and d are 1.84×106, 2.5, 1, and 1, respectively, by 
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using linear regression method. A correlation between average CO yield and 1/?̇?"2.5𝜌𝐿 is shown in Fig. 4.13. 
 
 
Fig. 4.12 Influence of external heat flux to average CO yield 
 
 
Fig. 4.13 Correlation between average CO yield and other properties 
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Correlation between average CO yield and heat flux, density, and thickness 
can be given as: 
 6, 2.5
11.84 10CO wety q Lρ
= ×
′′   (4.17) 
where yCO,wet is the average CO yield of wet wood samples (about 0.11 
moisture content), g/g. 
 
From this equation, it is known that the external heat flux has a great influence 
to average CO yield, which can be proved by Fig. 4.12. It is also noticed that 
average CO yield of wood sample is inversely proportional to its density and 
thickness. 
4.4 Influences of moisture content 
4.4.1 Ignition time and ignition temperature 
 
Table 4.4 shows ignition time and ignition temperature of dry and wet wood 
samples. It is known that range of ignition time for dry wood is 7-49 s, and for 
wet wood is 10-119 s. Autoignition time increase largely for sample with a 
higher moisture content. The range of ignition temperature for dry wood is 
about 267-525 °C, and for wet wood is about 264-558 °C.  
 
Moisture content may have little influence on autoignition temperature. It 
shows a different trend from piloted ignition temperature. Atreya and 
Abu-Zaid [154] analyzed the effect of environmental variables on piloted 
ignition of wood. It was obtained that surface temperature at ignition increases 
for sample with a higher moisture content.  
 
Fig. 4.14 shows comparison of ignition temperature between dry and wet 
wood samples. No obvious trend was observed for moisture content between 0 
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to 0.11. Similar results were observed by Moqbel et al. [175]. 
 




Dry Wood Wood about 0.11 moisture content 
50 kW/m2 75 kW/m2 50 kW/m2 75 kW/m2 
tig (s) Tig (°C) tig (s) Tig (°C) tig (s) Tig (°C) tig (s) Tig (°C) 
Pine 
10 23 397.9 9 374.9 61 558.2 23 348.6 
20 33 478.5 7 313.4 48 433.8 11 306.6 
30 21 387.7 9 344.9 27 433.1 12 314.0 
Beech 
10 30 441.1 11 267.2 46 370.6 20 338.0 
20 23 359.5 12 325.9 45 503.8 13 270.4 
30 22 420.1 9 340.4 39 370.6 18 378.9 
Cherry 
10 28 416.5 9 288.6 54 465.4 16 425.0 
20 27 402.5 9 371.2 57 543.6 11 334.4 
27 40 525.6 7 310.6 37 433.1 10 346.5 
Oak 
10 42 443.7 15 322.2 119 511.7 26 482.2 
20 36 406.3 14 406.3 79 453.5 24 353.7 
30 49 455.8 10 312.7 57 488.6 23 398.6 
Maple 
10 37 439.9 14 315.0 87 436.0 27 332.4 
20 47 465.2 13 347.7 87 491.1 26 399.2 
30 35 418.5 10 409.8 56 393.0 18 361.1 
Ash 
10 24 422.0 12 281.6 59 425.6 21 291.7 
20 N/A N/A 13 350.1 57 487.6 19 340.9 
30 29 438.8 8 358.5 23 346 13 264.4 
 
The Pearson’s correlation coefficient was adopted to examine the influence of 
moisture on ignition temperature: 
 2 2
( )( )
( ) ( )
i i
i i
x x y y
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  (4.18) 
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Correlation coefficient between ignition temperature and moisture content was 
obtained as 0.12, indicating that the effect of moisture content to ignition 
temperature is insignificant. 
 
 
Fig. 4.14 Comparison of ignition temperature between dry and wet wood 
samples 
 




Fig. 4.15 Influence of external heat flux to ignition temperature 
 
Eq. (4.18) is used to examine correlation coefficient between ignition 
temperature and external heat flux. The correlation coefficient is gained as 
-0.7169, which indicates that the ignition temperature decreases under a higher 
heat flux. Fig. 4.15 shows the influence of external heat flux to ignition 
temperature. It is observed that almost all the data are positioned in the lower 
half of the figure, which means that ignition temperature decreases when heat 
flux increases. 
 
Correlation coefficient between ignition temperature and sample thickness is 
obtained as -0.04, which means that influence of sample thickness on ignition 
temperature can be ignored. 
 
Fig. 4.16 shows a comparison of ignition time between dry and wet wood 
samples. It is noticed that almost all the points are located in the upper half of 
the figure, indicating that ignition time is largely dependent on moisture 
content. It is observed that ignition time increases with a higher moisture 
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content. However, correlation between ignition time of wet and dry wood 
samples is difficult to be identified by this figure because thermal properties of 
these two are different. 
 
Ignition time of dry wood may show a similar trend with wet wood. Fig. 4.17 
shows a correlation between ignition time of dry wood samples and other 
factors by using Eq. (4.7). Those points at the high side of ignition time are 
from experiments under 50 kW/m2 heat flux, which show a relatively thicker 
scattering than those under 75 kW/m2 heat flux. Under low heat flux, ignition 
will take a long time. During this long time period, the ignition may be more 
likely affected by other factors, such as thermal conduction, surface radiation 
and convection between surface and surrounding air. This may be the reason 
why data under low heat flux show a relatively thicker scattering. The 
relationship between ignition time and other factors for dry wood samples can 











  (4.19) 
where tig,dry is the ignition time of dry wood sample, s. 
 




Fig. 4.16 Comparison of ignition time between dry and wet wood samples 
 
From Eqs. (4.7) and (4.19), it is noticed that coefficients of wet and dry wood 
samples are different. As the only difference between these two equations is 
the coefficient, it might be gained that the coefficients in these two equations 
are dependent on moisture content. A simple linear regression between 
ignition time and moisture content was found to be the best fit for all the forest 
species tested by Dimitrakopoulos et al. [176]. So it is assumed in the same 
way in this study that the coefficient is linearly dependent on moisture content, 
which can be gained as: 
 
0.73






  (4.20) 
where tig is the ignition time for both dry and wet wood samples, s; and X is 
the moisture content of wood samples, 0 to 0.3. 
 




Fig. 4.17 Correlation between ignition time of dry wood and other factors 
 
 
Fig. 4.18 Comparison of ignition time between predictions and experiments 
 
Fig. 4.18 shows the comparison between predicted ignition time using Eq. 
(4.20) and experimental data. It is observed that autoignition time of both wet 
and dry wood samples can be well predicted by Eq. (4.20). 
Chapter 4: Fire behaviors of wood under autoignition conditions 
-100- 
 
4.4.2 Mass loss rate 
Fig. 4.19 shows comparison of average mass loss rate between dry and wet 
wood samples. Comprehensively, no big difference is observed between 
average mass loss rate of dry and wet wood samples as the average percentage 
difference between these two group of data is about 15.9 %. Correlation 
between dry and wet wood samples is difficult to be identified accurately by 
this figure because of different densities. 
 
 
Fig. 4.19 Comparison of average mass loss rate between dry and wet wood 
samples 
 
Fig. 4.20 shows a correlation between average mass loss rate of dry wood and 
other factors using Eq. (4.10). It is observed that these two correlates linearly 
well. It is also noticed from this figure that same coefficient is gained for both 
dry and wet wood samples. This may indicate that influence of moisture on 
average mass loss rate can be ignored. So the average mass loss rate of wet 
and dry wood samples can be obtained by: 
 0.2 0.8 0.40.016 , 0 0.11aveMLR L q Xρ′′= ≤ ≤   (4.21) 




Eq. (4.18) is used to examine the influence of moisture to average mass loss 
rate. Result shows that correlation coefficient between average mass loss rate 
and moisture content is low as -0.08, indicating that influence moisture to 
average mass loss can be ignored. Similar results were observed by Lee and 
Diehl [177]. Saito et al. [178] analyzed the effect of moisture on combustion 
characteristics and provided that ignition started before moisture was removed 
completely. In this study, average mass loss rate was considered during a long 
period. Therefore, moisture inside wood sample then seem to have little 
influence on average mass loss rate. 
 
 
Fig. 4.20 Correlation between average mass loss rate of dry wood and other 
factors 
 
The time at 50% mass loss also can be gained by original mass loss and 
average mass loss rate, which can be given by: 
 
0.8 0.6






  (4.22) 




Fig. 4.21 shows a comparison of time at 50% mass loss between experimental 
data and prediction using Eq. (4.22). It is noticed that the prediction is with 
great accuracy when the time is less than 800 s, but the prediction is a little 
high when time is longer than 800 s. Time at 50% mass loss is more than 800 s, 
which means that heat flux is low. Time of evaporation may be slightly 
affected under low heat flux, which may delay time at 50% mass loss. 
 
 
Fig. 4.21 Comparison of time at 50% mass loss between experiments and 
predictions 
4.4.3 CO release rate 
Fig. 4.22 shows CO release rate of wet and dry oak under heat flux. It is 
noticed that moisture has influences on CO release rate. A higher CO release 
rate is observed with dry wood. Peak CO release rates of dry wood show 
earlier than those of wet wood. It is observed that moisture postpones time to 
peak CO release rate and reduces CO release rate as well.  
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Moisture inside wood start to evaporate when temperature is higher than 
100 °C. For wood samples with a higher moisture content, energy used for 
water evaporation increases. Temperatures inside then rise slower as less 
energy can be used for heating up. As production of CO depends on 
temperature, lower temperature means less production of CO. Kaewluan and 
Pipatmanomai [179] obtained a similar result that average bed temperature of 
woodchip was reduced from about 760 °C by about 60 °C when moisture 
content increases from 9.5% to 25.5%. Houck and Tiegs [180] also mentioned 









Fig. 4.22 CO release rate of wet and dry oak under heat flux (a) 25 kW/m2; (b) 
50 kW/m2; and (c) 75 kW/m2 
4.4.4 CO yield 
Fig. 4.23 shows a comparison of average CO yield between wet and dry wood 
samples. Average CO yield increases with a lower moisture content. However, 
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the effect of moisture to the CO yield cannot be identified accurately by this 
figure as they have different densities. 
 
 




Fig. 4.24 Correlation between average CO yield and other factors 
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For wet wood, average CO yield correlates linearly with 1/?̇?"2.5𝜌𝐿, shown in 
Eq. (4.17). For dry wood, average CO yield may also obey the same rule. Fig. 
4.24 shows a correlation between average CO yield of dry wood and 1/?̇?"2.5𝜌𝐿. It is noticed that these two correlate well, which can be expressed 
by: 
 6, 2.5
12.6 10CO dryy q Lρ
= ×
′′  (4.23) 
where yCO,dry is the average CO yield of dry wood (no moisture inside), g/g. 
 
From Eqs. (4.17) and (4.23), it is noticed that average CO yield for both of wet 
and dry wood samples correlate linearly with 1/?̇?"2.5𝜌𝐿. From the coefficients 
of these two equations, it is known that average CO yield decreases with a 
higher moisture content. Influence of moisture on CO yield may be 
represented by the coefficients. Kaewluan and Pipatmanomai [179] 
investigated the effect of moisture by varying the moisture content in 
woodchip at 0.095, 0.181 and 0.255. It was gained that minimal gas yield 
happens when moisture content is 0.181. Houck and Tiegs [180] showed that 
the lowest gas emissions occurs with wood moisture in the 0.13 to 0.20 range 
(wet basis). This means that gas yield doesn’t always decrease when moisture 
content rises. Maybe there exists a turning point. As mentioned above, it is 
known that gas yield keeps decreasing under a range of moisture content from 
0 to 0.13. 
 
Due to a lack of references about the effect of moisture on average CO yield, it 
is assumed that CO yield correlates linearly with moisture content when 
moisture content is less than 0.13. Combining Eqs. (4.17) and (4.23), average 
CO yield of wood can be expressed by: 
 6 2.5
1(2.6 6.9 ) 10 , 10 30COy X Lq Lρ
= − × ≤ ≤
′′   (4.24) 
where X is the moisture content, 0 to 0.13; and ρ is the original density of dry 
or wet wood sample, kg/m3. 




Fig. 4.25 Comparison between predicted CO yield and reference data 
 
Fig. 4.25 shows a comparison between predicted CO yield using Eq. (4.24) 
and reference data. For reference data [181-183], the range of moisture content 
for these wood samples is 0-0.2252. It is noticed that predictions obey well 
with reference data. 
4.5 Concluding remarks 
Six species of wood samples, namely pine, beech, cherry, oak, maple, and ash, 
were investigated experimentally under autoignition conditions in a cone 
calorimeter. The following conclusions can be addressed: 
 
(1) No obvious trend of autoignition temperature was observed when 
moisture content increased from 0 to 0.11. This is different from piloted 
ignition temperature which increases with a higher moisture content. It was 
also known that autoignition temperature decreased under a higher heat flux, 
and influence of sample thickness on autoignition temperature was 
insignificant. 
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(2) It was known that sample thickness had little effect on peak CO 
release rate, but time to peak CO release rate was postponed for sample with a 
higher thickness. Peak CO release rate was observed to decrease under a 
higher heat flux, but the decrease was not obvious when heat flux increased 
from 50 to 75 kW/m2. Experimental results showed that a sharp decrease of 
CO release rate appeared shortly after ignition and a second peak was near the 
end of experiment. This may be because flame accelerate oxidation reaction of 
CO, leading to decrease of CO and O2 and an increase of CO2. 
 
(3) Experiment results indicated that moisture had influences on CO 
release rate. Time to peak CO release rate was observed to be postponed under 
the effect of moisture. And CO release rate was found to decrease for sample 
with a higher moisture content. This is because temperature rises slower as 
heat capacity of moisture is higher than that of virginal wood. Pyrolysis 
reactions of chemical components such as cellulose, hemicelluloses and lignin, 
are then postponed, resulting in a delay or decrease of CO release rate. 
 
(4) It was obtained that autoignition time increased for wood sample with 
a higher moisture content. Autoignition time of wood samples dependent on 
moisture content can be obtained by: 
0.73








(5) Based on experimental results, it was known that moisture had limited 
influence on average mass loss rate and time at 50% mass loss when moisture 
content was lower than 0.11. Average mass loss rate and time at 50% mass loss 
can be gained, respectively: 
0.2 0.8 0.40.016 , 0 0.11aveMLR L q Xρ′′= ≤ ≤  












(6) It was known that average CO yield was inversely proportional to 
heat flux, thickness and density. Average CO yield of wood samples with 
various moisture contents can be obtained by: 
6
2.5
1(2.6 6.9 ) 10 , 10 30COy X Lq Lρ
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Chapter 5: Fire behaviors of polymers under 
autoignition conditions 
5.1 Introduction 
Besides piloted ignition, autoignition is also an important aspect to real fire 
development as combustible materials can be ignited without spark plug. 
Therefore, fire behaviors of six species of polymers, including HDPE, PP, 
PMMA, ABS, PET and PC, were investigated under autoignition conditions in 
a cone calorimeter. Fire risk of non-charring and charring polymers were 
investigated. Influences to heat flux on heat release rate, mass loss rate, CO 
and CO2 yields were analyzed. Fire behaviors of polymers under piloted 
ignition and autoignition conditions were compared. Moreover, influences of 
flaming conditions on fire behaviors of non-charring and charring polymers 
were investigated. Experimental data in this study can provide a guidance to 
fire risk evaluation. 
5.2 Experimental design and methodology 
Six species of polymers, namely HDPE, PP, PMMA, ABS, PET and PC, were 
chosen in experiments. The reasons of choosing these polymer species are the 
same with wood as they are most popular building materials. Piloted ignition 
of these polymer species have been largely investigated in previous studies, so 
it become possible to compare fire behaviors between autoignition in this 
study and piloted ignition in previous studies. Measured properties of 
polymers are listed in Table 5.1. All the tested polymers in the experiments 
were not fire-retarded. The tested polymers were originally in sheet form and 
were cut to desired size of 100 mm × 100 mm with different thicknesses, 
namely 10 mm, 20 mm, and 30 mm. The data for thermal conductivity (λ) and 
specific heat capacity (CP) come from reference [11,184]. The symbol, [C], 
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represents the mass percent of carbon in these polymers, which were obtained 
by their chemical formulas. 
 
Cone calorimeter (ISO 5660-1 [185]) as frequently used equipment for piloted 
ignition and autoignition was used in this study [150]. Polymer samples were 
put in horizontal orientation on specimen holder. External heat flux of 25, 50, 
and 75 kW/m2 were chosen for this study, representing low, middle and high 
external heat flux. The details about cone calorimeter and experimental 
procedure can be seen in Section 4.2. 
 
Table 5.1 Properties of tested polymers in experiments 






[ ]C  
(%) 
Non-charring 
HDPE 971.3±28.7 0.33 2.10 -C2H4- 85.7 
PP 938.6±29.5 0.21 1.93 -C3H6- 85.7 
PMMA 1202.9±38.5 0.21 1.46 -C5H8O2- 60.0 
Charring 
ABS 1065.7±40.2 0.26 1.50 -C8H8·C4H6·C3H3N- 85.3 
PET 1406.0±27.3 0.20 1.15 -C10H8O2- 62.5 
PC 1226.7±20.0 0.20 1.22 -C16H14O3- 75.6 
5.3 Analysis of raw data 
It is a difficult to define average mass loss rate (MLRave) during whole 
experimental time as they are sensitive to test end time. Lots of criteria were 
used to define test end time for cone calorimeter tests [186-187]. However, 
there are some limitations in specifying the test end time by these criteria, in 
particular for materials where it fails to ignite properly and then the MLR 
drops below 150 g/m2 (average over a minute) [186]. The MLR of 
non-charring polymers decrease significantly at the end of test and 
experiments may end in less than half an hour. But for some charring polymers, 
Chapter 5: Fire behaviors of polymers under autoignition conditions 
-112- 
 
MLR decrease smoothly and time period may last more than an hour. 
Therefore, it seems difficult to set a unified criterion for both charring and 
non-charring polymers under non-flaming and flaming combustion conditions. 
The MLRave is then defined during a time period between experiment start and 







=    (5.1) 
where t50 is the time at 50% mass loss, s; and m0 is the original mass, g. 
 
Stoliarov et al. [9] defined average heat release rate (HRRave) of non-charring 
polymers by integrating HRR curve from time to ignition to the time of final 
drop of HRR below 20 kW/m2. This was to cut off part of the curve dominated 
by signal noise, which was notably higher in amplitude at the end of test than 
at the beginning. In this study, HRRave of non-charring polymers were obtained 
following the same rule. The charring polymers in this study followed a 
different rule because of their fire characteristics. At the end of experiments, 
non-charring polymers burnt out leaving no or very few residue, but charring 
polymers showed different phenomena when smoldering combustion of char 
and ash were still taking place. Charring polymers still showed high HRR after 
extinction. According to the situation in this study, extinction of charring 
polymers was assumed at the time of final drop of HRR below 40 kW/m2 or 
flameout, whichever was earlier. And HRRave of charring polymers were then 
obtained from data between time to ignition and extinction. 
5.4 Comparisons between charring and non-charring polymers 
A summary of experimental results of polymers under autoignition conditions 
in a cone calorimeter is shown in Table 5.2. Key parameters, such as peak 
HRR, HRRave, time to peak HRR, MLRave, ignition time (tig), CO yield (yCO) 
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and CO2 yield (yCO2) are provided for different thickness polymers under 
different heat flux. 
 
Experimental data at 25 kW/m2 heat flux were not included in this table 
because of weak repeatability. According to ISO 17554 [188], experiment is 
need to be stopped manually if no ignition occurred in 30 or 32 min. Ignition 
of some polymers spread in a big time range even did not happen. This may be 
because critical heat flux of tested polymers is around 25 kW/m2. HRR history 
data under 25 kW/m2 were not accurate as some polymers were not ignited 
during whole experimental time and HRR were too small to be measured by 
cone calorimeter. Except HRR and ignition time, other kinds of experimental 
data under 25 kW/m2 heat flux can be seen in the following sections. 
 
























10 50 550 240 350 12 78 0.027 2.11 
20 50 480 280 890 14 68 0.023 1.74 
30 50 920 410 1430 14 66 0.027 2.59 
10 75 870 340 300 16 33 0.047 3.19 
20 75 1130 460 580 18 30 0.035 2.61 
30 75 1100 480 890 24 28 0.037 2.18 
PP 
10 50 510 270 300 11 43 0.035 2.47 
20 50 590 330 230 15 39 0.028 2.02 
30 50 1080 420 1030 15 35 0.056 3.49 
10 75 890 450 290 18 22 0.048 2.97 
20 75 930 530 560 18 18 0.058 3.37 
30 75 1550 730 850 22 17 0.075 4.50 


























10 50 980 440 420 18 52 0.018 2.97 
20 50 950 520 890 20 37 0.019 3.46 
30 50 880 570 1370 21 32 0.020 3.47 
10 75 1110 580 310 26 24 0.022 3.40 
20 75 1150 690 610 27 19 0.019 2.91 
30 75 1470 710 870 31 17 0.026 3.10 
ABS 
10 50 970 450 430 17 49 0.11 3.21 
20 50 810 530 830 19 41 0.10 2.89 
30 50 690 430 240 21 23 0.11 3.55 
10 75 1030 560 320 26 21 0.14 3.13 
20 75 970 560 600 30 19 0.11 2.41 
30 75 800 410 110 31 13 0.11 2.83 
PET 
10 50 370 120 350 12 88 0.071 2.18 
20 50 390 150 180 10 107 0.049 1.62 
30 50 410 130 160 10 89 0.035 1.74 
10 75 410 160 110 19 34 0.022 0.81 
20 75 540 200 90 15 32 0.035 1.89 
30 75 450 130 60 14 30 0.022 1.30 
PC 
10 50 410 180 170 9.4 101 0.091 2.04 
20 50 430 180 160 6.8 127 0.096 2.37 
30 50 460 160 260 5.7 146 0.099 2.32 
10 75 400 180 140 13 38 0.074 2.23 
20 75 450 160 70 9.9 30 0.051 2.34 
30 75 430 140 90 7.4 29 0.045 1.87 
 
It is observed from Table 5.2 that differences exist between non-charring and 
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charring polymers. This is partly because of their characteristics. Spearpoint 
and Quintiere [189] mentioned that non-charring materials burn away 
completely, but charring materials leave relatively significant amounts of 
residue. 
 
HRRave of non-charring polymers are observed higher than those of charring 
polymers. It may be concluded that fire hazard of non-charring polymers are 
higher than those of charring polymers. The CO2 yields (yCO2) performs under 
similar circumstance as HRRave. The yCO2 of non-charring polymers are 
observed higher than those of charring polymers. Situation of CO yield (yCO) 
is in an opposite way. The yCO of charring polymers are observed higher than 
those of non-charring polymers.  
 
It is also observed that peak HRR and HRRave of non-charring polymers 
increase with a higher heat flux or thickness. Luche et al. [17] obtained from 
experiments on black PMMA under piloted ignition condition that HRR 
depend strongly on external heat flux. This may because burning of 
non-charring polymers can be considered as pool fire as all the solid polymer 
will melt at specific temperature. Reaction rate get higher as more heat are 
absorbed under a higher heat flux, resulting in a higher HRR. Linteris et al. 
[190] also obtained a similar result of black PMMA that higher imposed heat 
flux lead to higher HRR and short ignition time. 
 
For charring polymers, influences of sample thickness and external heat flux 
on peak and HRRave seem to be much smaller than those of non-charring 
polymers. This is because produced char can block external heat under high 
temperature. This effect becomes larger when char layer increases. So when 
external heat flux increases, pyrolysis reaction rate of charring polymer would 
not increase obviously as non-charring polymer. 
Chapter 5: Fire behaviors of polymers under autoignition conditions 
-116- 
 
From Table 5.2, it is known that time to peak HRR increases with a higher 
thickness or a lower external heat flux for both non-charring and charring 
polymers. This phenomenon happens because HRR is highly related to 
pyrolysis reaction which is largely dependent on temperature. For high 
thickness sample, temperatures inside solid phase rise much slowly when 
polymers are put under the same heat flux. It costs more time for the whole 
slab to reach the same temperature level. The reason why time to peak HRR 
increases with a lower heat flux can be explained in the same way. 
5.5 Autoignition time and thermal thickness 
A material is classified as ‘thermal thin’ when the heat from the fire (otherwise 
known as the thermal wave) is absorbed so rapidly that there is no significant 
temperature gradient through it. In a ‘thermal thick’ material, by contrast, a 
significant temperature gradient exists through the materials [191]. 
 
Thermal penetration depth at ignition (δ) can be considered as thermal 
thickness for a material. Thermal penetration depth can be defined as the 
thickness of the sample which has been heated to a certain temperature [11]. If 
thickness of a sample is larger than δ, temperature gradient will exit as thermal 
wave has not reached the bottom at ignition. Bottom part of the slab is still at 
ambient temperature. When sample thickness is less than δ, thermal wave 
reaches the bottom and reflects back before ignition, and temperature gradient 
inside the whole slab is small. Samples can then be considered thermal thin. 









=    (5.2) 
where A is a coefficient which changes from one research to another. Mikkola 
and Wichman [155,191] used a constant of 1. And a value of 1.2 was offered 
by Dusinberre [192]. Babrauskas [11] suggested that a value of 1.13 is more 
Chapter 5: Fire behaviors of polymers under autoignition conditions 
-117- 
 





Fig. 5.1 Comparisons of autoignition time among difference sample 
thicknesses under 50 and 75 kW/m2 heat flux: (a) 20 mm vs. 10 mm; and (b) 
30 mm vs. 10 mm. 
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Babrauskas [11] investigated wood samples with various densities under heat 
flux and suggested that for particle board a minimum thickness required to 
insure that sample is thermal thick can be represented by: 







Eq. (5.3) is used to estimate thermal thickness of particle board under heat flux. 
Parameters such as density and heat flux, which are easy to be obtained, were 
used in this model. Thermal thicknesses of polymers may follow a similar 
trend which are proportional to 𝜌/?̇?". 
 
Fig. 5.1 shows comparisons of autoignition time among three sample 
thicknesses. Although big difference exists for ABS between 10 mm and 30 
mm thickness, it may still indicate that autoignition time decrease with a 
higher sample thickness from statistics analysis of all tested polymers. 
Influences of sample thickness on autoignition time is not obvious. This may 
indicate that all tested samples in this study can be considered thermal thick. 
However, according to experimental data in this study, Eq. (5.3) seems to be 
inappropriate as this empirical model was originally developed based on 
experimental data of wood products. Predictions by this model are found 
higher than practice when it is applied to polymers. 
 
Thermal thicknesses of polymers can be calculated by Eq. (5.2) using ignition 
time and other properties shown in Table 5.1. The δ for polymers may follow 
the similar trend with Eq. (5.3) that they are proportional to 𝜌/?̇?". Fig. 5.2 
shows a correlation between δ and 𝜌/?̇?". It is observed that these two fits well. 
The δ of polymers under autoignition conditions can be estimated by: 
 0.14 , polymerq
ρδ =
′′   (5.4) 
 




Fig. 5.2 A correlation between thermal thickness and other properties 
 
In Eq. (5.3), a model with a coefficient of 0.6 is used to predict thermal 
thickness of wood products under piloted ignition condition. This model is 
useful as it uses known parameters namely density and heat flux for input. 
However, predictions by this model are higher than practice when it is applied 
to polymers. So a model with coefficient of 0.14 is suggested to predict 
thermal thickness of polymers under autoignition conditions. 
 
It is observed from Fig. 5.3 that heat flux has significant influences on 
autoignition time. Ignition time decrease significantly under a higher heat flux. 
Autoignition time of charring polymers seem to be more sensitive to external 
heat flux when comparing to those of non-charring polymers. Correlations can 







t t non charring polymer
t t charring polymer
=
 =
  (5.5) 
 






Fig. 5.3 Influences of heat flux on autoignition time for: (a) non-charring 
polymers and (b) charring polymers 
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5.6 Heat release characteristics 
5.6.1 Heat release rate 
Non-charring and charring polymers show different characteristics of HRR, 
seen in Fig. 5.4. For non-charring polymer, peak HRR happens near test end. 
Tewarson [193] obtained a similar result. The HRR history of PP was divided 
into three stages: solid stage, molten stage, and boiling liquid stage. Peak HRR 
shows in the last stage, namely boiling liquid stage. Schartel et al. [194] 
interpreted that a peak of HRR at the end of burning phase is caused by 
thermal feedback that occurs when the pyrolysis zone reaches the back of the 
sample. Schartel and Hull [195] also mentioned that this peak is caused by 
diminution of conductive heat as insulated material supporting sample 
prevents heat transfer to specimen holder as pyrolysis zone approaches it.  
 
As mentioned in Section 5.4, HRRave of non-charring polymers are sensitive to 
heat flux and sample thickness. This phenomenon also can be seen in HRR 
history data in Fig. 5.4. Luche et al. [17] obtained that HRR of black PMMA 
under piloted ignition condition depend strongly on heat flux. Linteris et al. 
[190] also obtained a similar result for black PMMA that higher imposed heat 
flux lead to higher HRR and short ignition times. This may be because the 
burning of non-charring polymers can be considered as pool fire as all the 
solid polymer melt at specific temperature. Reaction rate get higher as more 
heat are absorbed under a higher heat flux, resulting in a higher HRR. 
Spearpoint and Quintiere [23,189] also mentioned that non-charring materials 
leave no or very few residue and can be modeled using theory similar to 
flammable liquids. 
 
For charring polymers, it is observed from Fig. 5.4 that peak HRR happens 
shortly after ignition. From Table 5.2, it is also noticed that the influence of 
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heat flux on peak HRR for charring polymers is not obvious when compared to 
non-charring polymers. This may be because of blocking effect from virgin 
polymer especially produced char. The blocking effect becomes larger when 
char layer increases. Schartel et al. [194] also mentioned that char and 
residue-forming materials immediately show a peak of HRR after initial strong 
increase in the HRR due to the formation of a protective surface layer. 
 
The HRR curves of charring polymers are not repeatable as non-charring 
polymers. Stoliarov et al. [5] observed a similar phenomenon when they took 
experiments on PC and PVC in cone calorimeter. Volume of PC increases 
significantly after ignition, and increasing rate keeps going down until test end. 
Expanded char has influences to the HRR because of its influence to pyrolysis 
reaction. Under char expanding, distance between surface and bottom 
increases, then temperature at the bottom increases slowly as more time is 
needed for heat transfer to the bottom. Another reason may be because of 
influence from other fire damages, such as pore formation, delamination 
cracking, and matrix cracking [7]. 
5.6.2 Heat of combustion 
Average chemical heat of combustion determined in cone calorimeter is 
defined as effective heat of combustion (EHC) [193]. EHC is the heat of 
combustion which would be expected in a fire where incomplete combustion 
takes place. This amount is less than theoretical heat of combustion as 
measured in the oxygen bomb calorimeter [196]. 
 
EHC is a time-dependent and irradiance-level-dependent parameter that 
corresponds to the heat released from the volatile portion during solid material 




=   (5.6) 






Fig. 5.4 HRR history under external heat flux for: (a) HDPE and (b) PC 
 
Table 5.3 compared average EHC in this study and the data from references 
under piloted ignition conditions. It is noticed for non-charring polymers that 
differences exist between these two. Average EHC under autoignition 
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conditions are observed lower than those reference data under piloted ignition 
conditions. It is known that average EHC of HDPE, PP and PMMA decreased 
23.2%, 29.3% and 1.6%, respectively, when compared to those reference data 
under piloted ignition conditions. It may be indicated that ignition method has 
influence on the EHC of non-charring polymers. Lyon and Janssens [184] 
mentioned the EHC is determined primarily by fuel chemistry, ventilation rate 
and combustion efficiency in the flame. Hull et al. [197] also mentioned that 
EHC is a function of the dynamics of the fire and combustion efficiency. The 
difference for HDPE and PP may be because ignition method has influence on 
combustion efficiency. 
 
For charring polymers in this study, little difference can be observed with 
those under piloted conditions. According to this point, it may indicate that 
influence of ignition method on combustion efficiency can be ignored for 
charring polymers.  
5.7 Mass loss rate 
Fig. 5.5 shows MLR history of polymers. For non-charring polymers such as 
PP, peak MLR increases under a higher heat flux. This phenomenon is similar 
to those of HRR. This may be because burning of non-charring polymers can 
be considered as pool fire as all solid polymer melt at specific temperature. So 
reaction rate gets higher as more heat are absorbed under a higher heat flux, 
resulting in a higher MLR. 
 
Peak MLR of non-charring polymers rises with a bigger sample thickness. 
After all solid melt, burning rate keeps increasing before burning out because 
of thermal feedback from the bottom. This is the reason why a higher 
thickness sample shows a higher peak MLR. This can also be used to explain 
why time to peak MLR decreases with a higher heat flux or a lower thickness. 
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Table 5.3 Comparisons of average EHC between autoignition and piloted 
ignition 
Materials 
Average EHC (kJ/g) 
Reference data by piloted ignitiona 
50 kW/m2 75 kW/m2 
HDPE 28.4 25.5 30.0(35) [198]; 40.3 [184]; 
PP 27.1 26.6 34.0(35) [198]; 41.9 [184]; 
PMMA 25.5 21.3 
22.4(50) [187]; 23.3(20-60) [199];  
24.6(50) [17]; 24.8 [184] 
ABS 29.0 24.6 28.2(20-60) [199]; 29.0 [184]; 30.0(50) [200]; 
PET 18.3 18.0 18.0 [184]; 
PC 25.5 23.0 21.2 [184]; 23.0(35) [198]; 
Note: a The data in bracket present heat flux, kW/m2. No mention means no information 
was provided in references. 
 
For charring polymers, influence of heat flux on peak MLR is similar to that of 
non-charring polymers. For charring polymers, peak MLR increases 
significantly when heat flux increase from 25 to 50 kW/m2. But the increase is 
not so obvious when heat flux increases from 50 to 75 kW/m2. This is because 
char layer can block the penetration of heat from outside. 
 
Comparisons of MLRave under different heat flux are shown in Fig. 5.6. It is 
observed that MLRave increases linearly about 50% when heat flux rises from 
50 to 75 kW/m2. Luche et al. [17] observed a similar result that average 
specific MLR of black PMMA increases linearly with heat flux by piloted 
ignition in a cone calorimeter. In their study, specific MLR were determined as 
the ratio between the MLR and exposed surface area, which were calculated 
between experiment start and burning out of PMMA. 
 






Fig. 5.5 MLR history under external heat flux for (a) PP and (b) ABS 
 
From Fig. 5.6, it is observed that correlation of MLRave between 25 and 50 
kW/m2 does not sound well. This is because polymers such as PET and PC go 
through non-flaming combustion as they were not ignited under low heat flux. 
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For ABS, HDPE, PP and PMMA, ignition take a long time and some of them 
were even longer than half an hour. These polymers mainly went through 
non-flaming combustion. However, polymers under 50 kW/m2 heat flux 
mainly went through flaming combustion. This may be the reason why a 
correlation with intercept was obtained. 
 
Relationship of MLRave under different heat flux can be estimated: 
 ,50 ,251.5 7.5ave aveMLR MLR= +   (5.7) 
 ,75 ,501.5ave aveMLR MLR=   (5.8) 
5.8 Gas release rate and gas yield 
5.8.1 Gas yields under non-flaming and flaming conditions 
Production process of CO and CO2 for polymers can be simply considered as a 
two-steps reaction. Carbon monoxide and other gas volatiles are produced 
during first step pyrolysis reaction, which can be expressed by Arrhenius law. 
The second step is oxidation reaction of CO if enough oxygen is available. 





Step Polymer O H O CO others products
Step CO O CO
+ → + +
 + →
  (5.9) 
 
Although many previous studies [17,171,201-202] have focused on CO yield 
(yCO) and CO2 yield (yCO2) under different ventilation, few studies have been 
taken on comparisons of gas yields under non-flaming and flaming conditions. 
In this study, this kind of comparisons become possible because the 
autoignition under 25 kW/m2 heat flux took a long time, including both 
non-flaming and flaming combustion. This is because no acceleration existed 
for ignition as spark plug was not used during whole experimental time. 
 






Fig. 5.6 Comparisons of average MLR under different heat flux 
 
Table 5.4 shows yCO and yCO2 of polymers under non-flaming and flaming 
combustion. A point needed to be mentioned is that all these data were 
obtained under 25 kW/m2 heat flux. Yields were obtained by mass loss and gas 
production during non-flaming and flaming conditions in which ignition was 
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considered as demarcation point. Data from high heat flux of 50 and 75 
kW/m2 were excluded because mass loss during non-flaming combustion was 
not obvious as ignition happened shortly after experiment start. 
 
Yield of CO2 increases significantly when non-flaming transits to flaming 
combustion. It is noticed that yCO2 increases at least 40 times. For charring 
polymers such as ABS, yCO2 are significantly affected by combustion 
conditions, which increases about 170 times when non-flaming combustion 
changes to flaming combustion. Reason of this phenomenon may be similar to 
that of wood sample. Oxidation reaction of CO, namely step 2 in Eq. (5.9), 
was accelerated when visible flame is presented. Under flaming combustion, 
temperatures inside solid phase will increase more rapidly because of flame 
heat flux. Oxidation reaction rate is higher under high temperature. A large 
amount of CO2 are then produced under this situation. 
 
Table 5.4 Yields of CO and CO2 under non-flaming and flaming combustion 
Material 
Non-flaming combustion Flaming combustion Ratio (𝑦′/𝑦") 
𝑦𝐶𝑂
′  𝑦𝐶𝑂2′  𝑦𝐶𝑂"  𝑦𝐶𝑂2"  CO CO2 
HDPE 0.12 0.052 0.021 1.99 1:0.18 1:40 
PP 0.02 0.037 0.03 2.16 1:1.5 1:60 
PMMA 0.007 0.04 0.02 2.00 1:2.9 1:50 
ABS 0.0028 0.016 0.086 2.71 1:30 1:170 
PETa 0.09 0.09 - - - - 
PCa 0.19 0.74 - - - - 
Note: a Visible flame were not observed during whole experimental time when they were 
put under 25 kW/m2 heat flux. So it is considered that these samples only go through 
non-flaming combustion. 
 
It is noticed from Table 5.4 that yCO also increases when non-flaming 
transitions to flaming combustion. The yCO of ABS, PP and PMMA increase 
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about 30, 1.5 and 2.9 times, respectively. This may be because of the high 
reaction rate of step 1 in Eq. (5.9). Although some part of CO change into CO2 
in step 2, oxidation reaction is still limited by oxygen level. More CO are then 
produced because pyrolysis reaction of virgin polymer is much significant 
than oxidation reaction. There is an exception of HDPE. The yCO of HDPE 
decreases as non-flaming transitions to flaming combustion, which is similar 
to that of wood sample. 
5.8.2 Gas yields under autoignition and piloted ignition conditions 
The yCO under autoignition conditions were observed different from reference 
data under piloted ignition condition. Comparisons of yCO under two 
conditions are shown in  
 
Table 5.5. It is worth mentioned that yCO in this study were calculated during 
whole experimental time. It is observed that yCO are higher than those 
reference data, which increase at least 40%. The yCO of polymers such as ABS, 
PP and PMMA are higher than reference data. For HDPE and PC, yCO seem to 
be higher than reference data even one data is close to reference data. No 
comparison was taken for PET as no reference data has been found. It is 
known from Eq. (5.9) that yCO are largely depended on both pyrolysis reaction 
of virgin material and oxidation of CO. The reason why yCO are higher than 
reference data is not clear so far. 
 
The yCO2 are compared with reference data under piloted ignition conditions, 
shown in Table 5.6. No rule has been found between these two. For ABS and 
PC, yCO2 are higher than reference data. For other polymers, yCO2 seem to be 
lower than reference data. No comparison was taken for PET as no reference 
data has been found. For PMMA, some data are higher than theoretical 
maximum data may be because of measurement error. 
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Table 5.5 Comparisons of CO yield between autoignition and piloted ignition 
Materials 
yCO (g/g) 
Reference data by piloted ignitiona 
50 kW/m2 75 kW/m2 
HDPE 0.025 0.040 0.017(25) [171]; 0.018(40) [171]; 0.024 [193] 
PP 0.040 0.060 0.024 [193]; 
PMMA 0.019 0.022 0.005(30) [171]; 0.0058(50) [187]; 0.006(50) [17] 
ABS 0.11 0.12 0.056(20) [171]; 0.057(30) [171] 
PET 0.052 0.026 - 
PC 0.095 0.057 0.054 [193] 
Note: a The data in bracket present heat flux, kW/m2. No mention means no information 
was provided in references. 
 







50 kW/m2 75 kW/m2 
HDPE 2.15 2.66 2.90(25,40) [171]; 2.76 [193]; 3.14 
PP 2.66 3.61 2.79 [193] 3.14 
PMMA 3.30 3.14 
2.2(15) [171]; 2.30(30) [171]; 
1.98(50) [187]; 2.22(50) [17] 
2.20 
ABS 3.22 2.79 2.40(20,30) [171]; 3.13 
PET 1.84 1.34 - 2.29 
PC 2.25 2.15 1.5 [193] 2.77 
Note: a The data in bracket present heat flux, kW/m2. No mention means no information 
was provided in references. 
5.8.3 Influences of heat flux to gas yields 
Experimental results showed that yCO and yCO2 are dependent on heat flux. Fig. 
5.7 shows comparisons of yCO and yCO2 under 50 and 75 kW/m2 heat flux. For 
tested non-charring polymers, it is observed that yCO increase under a higher 
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heat flux. Pyrolysis reaction of polymers, namely step 1 in Eq. (5.9), increases 
as temperature rises under a higher heat flux. Oxidation reaction of CO is 
restricted by ventilation condition. This may be the reason why yCO increase 
under a higher heat flux. Charring polymers was observed to give off more CO 
than non-charring polymers, which is consistent with incomplete combustion, 
a characteristic of the charring polymers and formation of char. 
 
Shown in Fig. 5.7, no big difference of yCO2 is observed under two heat fluxes. 
Heat flux seems to have limited influence on yCO2. Under flaming combustion, 
yCO2 increases significantly because of the acceleration of CO oxidation 
reaction at the presence of visible flame. It is obtained that visible flame under 
different heat flux may have the similar effect on CO2 production. 
 
Fig. 5.8 shows yCO/yCO2 of polymers under two heat fluxes. For non-charring 
polymers, yCO/yCO2 was observed to increase under a higher heat flux. This is 
because yCO increase under a higher heat flux, and heat flux has limited 
influence on CO2 production. Similarly, it is known that charring polymers 
give off more CO than non-charring polymers. 
5.8.4 Influences of mass percent of carbon to gas yields 
Fig. 5.9 shows comparisons of yCO and yCO2 under six situations, namely three 
sample thicknesses (10, 20 and 30 mm) and two heat flux (50 and 75 kW/m2). 
In this study, gas yield of one polymer was considered higher than the other if 
it had higher gas yields under most of the situations. Sequences of yCO and 







y ABS PC PP PET HDPE PMMA
y PMMA ABS PP HDPE PC PET
> > > > >
 > > > > >
   (5.10) 






Fig. 5.7 Comparisons of gas yields under 50 and 75 kW/m2 for (a) CO and (b) 
CO2 
 
From Formula (5.10), it is noticed that charring polymers seem to have higher 
yCO than non-charring polymers. Charring polymers such as ABS, PC and PET 
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have the highest, second highest and fourth highest yCO, respectively. In 




Fig. 5.8 Comparison of yCO/yCO2 under heat flux 
 
From Table 5.1, sequence of mass percent of carbon is gained: 
 [ ] :C HDPE PP ABS PC PET PMMA= > > > >   (5.11) 
 
Comparing Formula (5.10) with Formula (5.11), it is noticed that mass percent 
of carbon has little influence on yCO and yCO2. For example, HDPE has the 
highest mass percent of carbon, but its yCO and yCO2 are lower than ABS. 
Schartel and Hull [195] have a similar statement that both CO production and 
smoke production result from incomplete combustion, which are strongly 
dependent on the material. In this study, it is observed from experiments that 
produces of CO and CO2 are not dependent on mass percent of carbon, maybe 
dependent on material itself. 






Fig. 5.9 Comparisons of gas yields under different situations for: (a) CO and 
(b) CO2 
5.9 Concluding remarks 
Six species of polymers, including HDPE, PP, PMMA, ABS, PET and PC, 
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were investigated under autoignition conditions in a cone calorimeter. The 
following conclusions can be addressed: 
 
(1) It was obtained from experimental results that autoignition time 
decreased significantly under a higher heat flux. Autoignition time of charring 
polymers was observed more sensitive to heat flux when compared to 
non-charring polymers. Autoignition time of polymers under 50 and 75 kW/m2 







t t non charring polymer





(2) An empirical model was developed to predict thermal thickness of 

















(3) It was known from experimental results that non-charring polymers 
had higher fire risk than charring polymers. Non-charring polymers showed 
high heat release rate, and heat release rate increased obviously with a higher 
sample thickness or under a higher heat flux. This is because burning of 
non-charring polymers performs like pool fire as melting happens at specific 
temperature. Char layer at the top of charring polymers can block heat 
penetration, resulting in small change of heat release rate. 
 
(4) It was observed that ignition method had influence on combustion 
efficiency of non-charring polymers, but its influence on charring polymers 
was insignificant. For non-charring polymers, effective heat of combustion 
under autoignition conditions decreased about 1.6-29.3% when compared to 
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those reference data under piloted ignition conditions. For both non-charring 
and charring polymers, it was observed that CO yields under autoignition 
conditions increased at least 40% than those reference data under piloted 
ignition conditions. 
 
(5) Experimental results indicated that CO yields of tested polymers 
except HDPE increased about 1.5-30 times when non-flaming combustion 
transitioned to flaming combustion, and CO2 yields of all tested polymers 
increased about 40-170 times. Charring polymers seemed to have a higher CO 
yield, while non-charring polymers had a higher CO2 yield. The CO yield of 
tested non-charring polymers was observed to increase under a higher heat 
flux, but trend for charring polymers was not clear. 
 
(6) Mass percent of carbon in polymers was found insignificant on CO 
and CO2 yields. The CO and CO2 yields may be strongly dependent on 
material itself. Sequences of CO yield, CO2 yield and mass percent of carbon 







C HDPE PP ABS PC PET PMMA
y ABS PC PP PET HDPE PMMA
y PMMA ABS PP HDPE PC PET
= > > > >
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Chapter 6: Sensitivity analysis of FiresCone 
6.1 Introduction 
A new mathematical model, FiresCone, was developed in Chapter 3 to 
simulate fire behaviors of combustible materials under external heat flux. To 
improve the modeling accuracy and expand its application, FiresCone has 
considered as many fire processes as possible, such as heat conduction, 
pyrolysis reactions, transportation of liquids and gas volatiles inside materials, 
volume change, water evaporation, in-depth radiation and combustion of gas 
volatiles. To describe these fire processes, a large amount of input parameters 
were needed for modeling input. It is important to conduct sensitivity analysis 
to address their influences on modeling results. Therefore, sensitivity analysis 
of input parameters was conducted, including grid spacing, time step, heat of 
pyrolysis, pre-exponential factor, activation energy, thermal conductivity, 
specific heat capacity, density, heat transfer coefficient, permeability of water, 
char yield, diffusion coefficient of water, surface emissivity and moisture 
content. Sensitivity analysis of input parameters for gas phase was only taken 
on grid spacing and time step. This is because thermal properties of gas 
species are almost the same in references, which are different from 
combustible materials. 
6.2 Sensitivity analysis of input parameters 
6.2.1 Grid spacing 
To analyze influences of input parameters, situation of 10 mm thickness wood 
sample under 50 kW/m2 heat flux was chosen. Surface temperature and mass 
loss rate were used to analyze the influences of input parameters. The choice 
of mass loss rate and surface temperature is because they are two main 
parameters to describe fire behaviors of materials. These two parameters also 
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reflect the solution of mass and energy conservation equations. 
 
 
Fig. 6.1 Influence of grid spacing on surface temperature 
 
 
Fig. 6.2 Influence of grid spacing on mass loss rate 
 
To solve partial differential equation, computational domain was discretized 
into a number of grids. Smaller grid spacing means solution of discretized 
equation are closer to the solution of original partial differential equation. 
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However, when grid spacing decrease to a specific value, modeling results will 
no longer change, which is called grid independence. At the same time, 
smaller grid spacing results in longer CPU calculation time. 
 
Three grid spacing, namely 1, 0.1 and 0.01 mm, were selected for sensitivity 
analysis of solid phase. Fig. 6.1 shows influences of grid spacing on surface 
temperature. It is noticed that grid spacing has limited influence on surface 
temperature when grid spacing is less than 0.1 mm. Similar phenomenon can 
be seen for mass loss rate, shown in Fig. 6.2. It may represents that grid 
independence is achieved when grid spacing is equal or less than 0.1 mm. Grid 
spacing of 0.1 mm was then used in the modeling of solid phase. 
 
Sensitivity analysis of grid spacing for gas phase was also taken. As 
computational domain of gas phase was two-dimensional, small grid spacing 
required very long CPU calculation time. For example, it was estimated that 
CPU calculation time of 1 mm grid spacing would be longer than one year. 
Grid spacing of 2 and 4 mm were then selected for sensitivity analysis. When 
grid spacing decreased from 4 to 2 mm, CPU calculation time increased from 
several days to several months. Modeling results of first 50 s were compared 
between these two grid spacing. It was noticed from the comparisons that 
temperature contours were similar when grid spacing decreased from 4 to 2 
mm. Grid spacing of 4 mm was chosen for the modeling of gas phase. 
6.2.2 Time step 
Time step shows a similar phenomenon with grid spacing. The smaller time 
step used in numerical modeling, the longer CPU calculation time are needed. 
Three time steps, namely 0.5, 0.1 and 0.02 s, were chosen for sensitivity 
analysis. CPU calculation time increased from several minutes to several 
hours when time step decreased from 0.5 to 0.02 s. 
Chapter 6: Sensitivity analysis of FiresCone 
-141- 
 
Fig. 6.3 shows influences of time step on surface temperature. It is observed 
that time step has little influence on surface temperature. Similar phenomenon 
can be observed for mass loss rate, which can be seen in Fig. 6.4. 
 
 
Fig. 6.3 Influence of time step on surface temperature 
 
 
Fig. 6.4 Influence of time step on mass loss rate 
 
Sensitivity analysis of time step for the gas phase was also taken. It was 
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obtained from comparisons that time step has limited influence on modeling 
results, which was similar to those of solid phase. This is because fully 
implicit method was used for discretization. A time step of 0.01 s was chosen 
in numerical modeling of the gas phase. 
6.2.3 Heat of reaction 
Heat of reaction is the heat absorbed or exhausted during the involved reaction. 
Heat of combustion is the released heat when a material undergoes complete 
combustion with oxygen under standard conditions, which represents a 
comprehensive result with many involved reactions, such as oxidation of char. 
So heat of reaction during pyrolysis of virgin wood was chosen to conduct 
sensitivity analysis. Pyrolysis reaction of wood is an endothermic process. 




Fig. 6.5 Influence of heat of pyrolysis on surface temperature 
 
Fig. 6.5 shows influence of heat of pyrolysis on surface temperature. It is 
observed that surface temperature decreases with a higher heat of pyrolysis. 
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For sample with a higher heat of pyrolysis, less heat can be used for heating up 
as more heat is consumed during pyrolysis reaction. Its influence on mass loss 
rate can be seen in Fig. 6.6. It is noticed that mass loss rate decreases with a 
higher heat of pyrolysis. A point needed to be mentioned is that this trend is 
not applicable to exothermic reactions. Mass loss rate would increase with a 




Fig. 6.6 Influence of heat of pyrolysis on mass loss rate 
6.2.4 Pre-exponential factor 
Pre-exponential factor and activation energy are two key parameters in 
Arrhenius law describing pyrolysis reaction rate of combustible materials. 
Pre-exponential factor is the frequency of collisions between reactant 
molecules. Under same temperature, a higher pre-exponential factor represents 
a higher pyrolysis reaction rate. 
 
Fig. 6.7 shows influence of pre-exponential factor on surface temperature. At 
the beginning, its influence to surface temperature is not obvious as the 
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pyrolysis reaction rate is small under low temperature, seen in Fig. 6.7(b) at 
50s. As temperature increases, seen in Fig. 6.7(b) at 100s, lower surface 
temperature can be observed for sample with a higher pre-exponential factor. 
This is because more heat are absorbed for sample with a higher 
pre-exponential factor as pyrolysis of wood sample is an endothermic process. 
However, its influence on surface temperature is not always in the same way. 
Later on, it is observed that surface temperature increases much significantly 
for sample with a higher pre-exponential factor, seen in Fig. 6.7(b) from 150s 
and later. Under this circumstance, mass of samples decrease significantly. 
Heat for unit mass then increase, resulting in higher temperature. This process 
can be seen in Fig. 6.8. It is known that mass loss rate are always higher for 








Fig. 6.7 Influence of pre-exponential factor: (a) surface temperature vs. time; 
and (b) surface temperature vs. pre-exponential factor 
 
 
Fig. 6.8 Influence of pre-exponential factor on mass loss rate 
6.2.5 Activation energy 
Activation energy is minimum amount of energy required to activate atoms or 
molecules to undergo chemical reaction. A higher activation energy means 
reaction is difficult to launch. 






Fig. 6.9 Influence of activation energy: (a) surface temperature vs. time; and 
(b) surface temperature vs. activation energy 
 
Compared to pre-exponential factor, influence of activation energy is in 
another way. Fig. 6.9 shows influence of activation energy on surface 
temperature. At the beginning, surface temperature increases faster with a 
higher activation energy, seen in Fig. 6.9(b) at 30s. As modeling goes on, 
surface temperature is getting higher for sample with low activation energy, 
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seen in Fig. 6.9(b) at 100s and later. This can be explained in the same way 
with pre-exponential factor. At experiment start, less heat are needed for 
sample with a higher activation energy as pyrolysis reaction rate is small, 
resulting in higher surface temperature. However, as modeling goes on, 
sample mass becomes more important to modeling result of temperature. 
Temperature is getting higher as heat for unit mass increase, which is because 
of the consumption of virgin wood during pyrolysis reaction. 
 
Mass loss rate keeps low for sample with a higher activation energy, which 
can be seen in Fig. 6.10. According to sensitivity analysis of pre-exponential 
factor and activation energy, it is known that these two parameters are very 
important for modeling of combustible materials under heat flux. 
 
 
Fig. 6.10 Influence of activation energy on mass loss rate 
6.2.6 Thermal conductivity 
Thermal conductivity is the ability of conducting heat from outside. 
Conducted heat in combustible materials can be calculated by Fourier’s law. 
Fig. 6.11 shows influence of thermal conductivity on surface temperature. 
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Three thermal conductivities, namely 0.25, 0.35 and 0.45 W/m·k, were chosen 
for sensitivity analysis. Surface temperature increases much significantly for 
sample with the lowest thermal conductivity at the beginning. This is because 
external heat is difficult to penetrate sample under low thermal conductivity. 
Heat are then used for heating up at the top. 
 
Although surface temperature increases much significantly for sample with the 
lowest thermal conductivity, the time to maximum temperature is much longer 
than the other two. Heat can go inside easily for sample with high thermal 
conductivity, resulting in higher bottom temperature. Heat will reflect back to 
the surface when it reach insulated bottom. Surface temperature increases 
much faster than the other two. 
 
 
Fig. 6.11 Influence of thermal conductivity on surface temperature 
 
Fig. 6.12 shows influence of thermal conductivity on mass loss rate. Similar to 
surface temperature, its influence can be analyzed in two stages. In the first 
stage, mass loss rate with a lower thermal conductivity increases significantly. 
This is because more heat can be used for heating up at the top. In the second 
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stage, mass loss rate with a lower thermal conductivity shows lower mass loss 
rate. Mass loss rate reflects pyrolysis of whole sample, not only material at the 
top. It may be known that pyrolysis of whole sample is relatively lower when 
less heat are transferred to the bottom. 
 
 
Fig. 6.12 Influence of thermal conductivity on mass loss rate 
6.2.7 Specific heat capacity 
Specific heat capacity represents the difficulty of temperature change, which is 
the amount of heat per unit mass needed to change temperature by one degree 
Celsius. Fig. 6.13 shows influences of specific heat capacity on surface 
temperature. Its influence on surface temperature is quite straightforward. It 
takes long time to get maximum temperature for sample with a high specific 
heat capacity. 
 
Fig. 6.14 shows influence of specific heat capacity on mass loss rate. The 
curves show lower mass loss rate for sample with a high specific heat capacity. 
It is also noticed that peak MLR decreases and happens later for sample with a 
high specific heat capacity. 




Fig. 6.13 Influence of specific heat capacity on surface temperature 
 
 
Fig. 6.14 Influence of specific heat capacity on mass loss rate 
6.2.8 Density 
Influences of density on modeling results are observed in a similar way with 
specific heat capacity. High density means that the mass in unit volume 
increases. Compared to specific heat capacity, density has higher impact on 
surface temperature, shown in Fig. 6.15. Time to maximum temperature is 
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about 200 s when density is 258 kg/m3, but the time for the other two are 
much longer than 700 s. 
 
 
Fig. 6.15 Influence of density on surface temperature 
 
 
Fig. 6.16 Influence of density on mass loss rate 
 
From Fig. 6.16, it is noticed that influence of density on mass loss rate show a 
similar trend to surface temperature. For sample with density of 258 kg/m3, all 
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virgin wood change into char in about 200 s, and a sharp MLR can be seen at 
the end of curves. For other two scenarios, mass loss goes much smoothly. 
6.2.9 Heat transfer coefficient 
Heat transfer coefficient represents ability of convective heat transfer between 
combustible material and surrounding fluid. Transferred heat can be calculated 
by Newton’s law of cooling. Fig. 6.17 shows influences of heat transfer 
coefficient on surface temperature. Surface temperature increases a little faster 
with a lower heat transfer coefficient because of low convective heat loss. A 
point needed to be mentioned is that maximum temperature increase when 
heat transfer coefficient decreases. 
 
Fig. 6.18 shows influence of heat transfer coefficient on mass loss rate. It 
shows limited influence on mass loss rate. Peak MLR increases with a lower 
heat transfer coefficient, but the increase is not obvious. 
 
 
Fig. 6.17 Influence of heat transfer coefficient on surface temperature 
 




Fig. 6.18 Influence of heat transfer coefficient on mass loss rate 
 
 
Fig. 6.19 Influence of permeability of water on surface temperature 
6.2.10 Water permeability 
Permeability is the ability of porous material to allow fluids transport through 
its body under presence of pressure gradient. It is an important parameter to 
describe transportation process in Darcy’s law. High permeability of a material 
means fluid is easier to pass through it. Fig. 6.19 shows influence of water 
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permeability on surface temperature. It is observed that water permeability has 
limited influence on surface temperature. This may be because heat taken by 
water transportation is much lower than conducted heat by sample itself. Same 
phenomenon can be seen in Fig. 6.20. 
 
 
Fig. 6.20 Influence of permeability of water on mass loss rate 
6.2.11 Char yield 
Fig. 6.21 shows influence of char yield on surface temperature. It is observed 
that char yield has limited influence on surface temperature in 100 s. During 
this period, very few char have been produced because of low temperature. 
After that, surface temperature with high char layer is slightly higher. Situation 
after 350s shows an opposite way. Surface temperature with a higher char 
yield are lower than the other two. This is because the mass of whole sample 
decreases very fast for sample with low char yield, resulting in an increase of 
heat for unit mass of sample. 
 
It is known from above analysis that temperature after 350 s increase rapidly 
for sample with low char yield. This phenomenon is also seen from mass loss 
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rate, shown in Fig. 6.22. Its influences on the first two peak MLR seem to be 
limited, but the third peak MLR is much higher with low char yield. As 
analyzed in Section 6.2.14, the first peak MLR is due to water evaporation. It 
may be known that the second peak MLR is mostly due to pyrolysis of virgin 
wood, and the third peak MLR is a reflection of pyrolysis of char. 
 
 
Fig. 6.21 Influence of char yield on surface temperature 
 
 
Fig. 6.22 Influence of char yield on mass loss rate 
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6.2.12 Diffusion coefficient of water 
Diffusion coefficient represents the diffusion ability of fluid inside a material 
under concentration gradient, which is inversely correlated with molecular 
radius. Diffusion process of water inside wood slab can be described by Fick’s 
law. Shown in Fig. 6.23 and Fig. 6.24, its influences is limited on surface 
temperature and mass loss rate, which is similar to water permeability. This 
may be because transferred heat during water transportation is much less than 
conducted heat by sample itself. 
 
 
Fig. 6.23 Influence of diffusion coefficient of water on surface temperature 
6.2.13 Surface emissivity and absorptivity 
Emissivity is the ability of a material to emit energy by radiation. Emissivity 
and absorptivity of a material are usually considered equal. This can be proved 
by an object in a vacuum at constant temperature. Emitted energy and 
absorbed energy of this object are the same as its temperature remain constant 
without other source of energy. 
 
Fig. 6.25 shows influences of emissivity on surface temperature. Surface 
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temperature increases with a higher surface emissivity. Similar phenomenon 
can be seen in Fig. 6.26. 
 
 
Fig. 6.24 Influence of diffusion coefficient of water on mass loss rate 
 
 
Fig. 6.25 Influence of surface emissivity on surface temperature 
 




Fig. 6.26 Influence of surface emissivity on mass loss rate 
6.2.14 Moisture content 
Fig. 6.27 shows influence of moisture on surface temperature, which can be 
analyzed in two stages. In the first stage, surface temperature increases slower 
for under high moisture content. This is because specific heat capacity of 
water is higher than wood. In the second stage, sample with a higher moisture 
content shows an opposite way. No liquid water exists in this stage as they 
have already evaporated. Temperature and pyrolysis reaction are then 
dependent on virgin wood and char. Increase of temperature would be bigger 
as less wood involved in reaction for sample with a higher moisture content. 
 
Influence of moisture on mass loss rate is much obvious than surface 
temperature, seen in Fig. 6.28. In the first stage, water evaporation is much 
easier than pyrolysis of virgin wood. Big mass loss is then showed for sample 
with a higher moisture content. In the second stage, it is known from above 
discussion that temperature increase faster for sample with a higher moisture 
content, which may result in high mass loss rate. Mass loss rate during two 
stages show higher values for sample with a higher moisture content. 
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From Fig. 6.28, it is known that the first peak MLR is due to water evaporation. 
For wet sample, peak MLR shows shortly after experiment start. And peak 
MLR increases for sample with a higher moisture content. Peak MLR shown 
shortly after experiment start cannot be found for dry sample. 
 
 
Fig. 6.27 Influence of moisture on surface temperature 
 
 
Fig. 6.28 Influence of moisture on mass loss rate 
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6.3 Concluding remarks 
A new mathematical model, FiresCone, was developed to simulate fire 
behaviors of combustible materials under external heat flux. Sensitivity 
analysis of FiresCone was taken. The following conclusions can be addressed: 
 
(1) From sensitivity analysis, an equal or less than 0.1 mm grid spacing 
was suggested in the numerical modeling of solid phase, and grid spacing of 4 
mm was suggested for gas phase. It was also obtained that time step had 
limited influence on modeling results. This is because fully implicit method is 
used for discretization. 
 
(2) It was indicated that surface temperature and mass loss rate were 
much lower for sample with a higher heat of pyrolysis, specific heat capacity, 
density, or char yield. However, heat transfer coefficient, water permeability, 
diffusion coefficient of water and surface emissivity were observded 
insignificant to surface temperature and mass loss rate. 
 
(3) It was obtained that pre-exponential factor and activation energy were 
two key parameters. Influence of pre-exponential factor on surface 
temperature was not obvious at the beginning. For sample with the highest 
pre-exponential factor, it showed the lowest surface temperature as modeling 
went on. Later on, its surface temperature increased much significantly than 
the others. However, its mass loss rate were always higher than the others. 
Influence of activation energy on surface temperature and mass loss rate was 
in an opposite way. 
 
(4) It was observed that surface temperature increased much significantly 
at the beginning for sample with a lower thermal conductivity. As modeling 
went on, its surface temperature then increased much slower than the others. 
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Influence of thermal conductivity on mass loss rate was in a similar way. 
 
(5) For sample with a higher moisture content, surface temperature 
increased slower at the beginning as heat capacity of moisture is higher than 
virgin wood. As modeling went on, surface temperature increased much faster 
as heat for unit mass increased. Mass loss rate always showed higher values 
for sample with a higher moisture content. 
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Chapter 7: Validation and application of FiresCone 
7.1 Introduction 
A new mathematical model, FiresCone, was developed to simulate fire 
behaviors of combustible materials under external heat flux. To improve the 
modeling accuracy and expand its application, FiresCone has considered as 
many fire processes as possible, such as heat conduction, pyrolysis reactions, 
transportation of liquids and gas volatiles inside materials, volume change, 
water evaporation, in-depth radiation and combustion of gas volatiles. 
FiresCone was validated by experimental results of four types of combustible 
materials, including wood, non-charring, charring and intumescent polymers. 
Modeling results such as temperature in solid phase, temperature and gas 
volatiles in gas phase were analyzed. Modeling results of FiresCone obeyed 
well with characteristics of four types of combustible materials. FiresCone 
intends to provide a practical tool to predict fire behaviors of combustible 
materials under external heat flux. 
7.2 Modeling results of wood 
7.2.1 Thermal properties of Cherry 
Fire behaviors of six species of wood samples were investigated in cone 
calorimeter. Cherry was selected to validate modeling results of FiresCone. 
The selection of Cherry is because more data are available in the references. 
The selection of other three materials in next three parts for non-charring, 
charring and intumescent polymers followed the same rule. Thermal properties 
of Cherry for modeling input are shown in Table 7.1. Five materials were 
considered, including virgin Cherry, char, ash, liquid water and gas volatiles 
(Fuel). All gas species were assumed having same thermal property. Reactions 
considered for Cherry in fire behavior modeling were: 
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 Water Water vapor→   (7.1) 
 Cherry Char Fuel→ +   (7.2) 
 Char Ash Fuel→ +   (7.3) 
 2 2 2Fuel O CO CO H O+ → + +   (7.4) 
 
Fuel in above reactions represents general designation of gas volatiles from 
the combustible materials, same in the following sections. 
 
Founding modeling input for wood were not difficult in references. However, 
some data for char, ash and water, for example gas permeability, have not been 
found in references. It was then assumed that gas permeability and diffusion 
coefficient of ash, char and water were 10 times of those of virgin wood. 
 
Table 7.1 Thermal properties of Cherry for modeling input 
Material Property Unit Value 
Cherry 
Pyrolysis reaction rate 1/s 2.49×106exp(-106500/RT) [67,203] 
Density kg/m3 558 [Measured] 
Moisture content kg/kg 0.113 [Measured] 
Char yield kg/kg 0.26 [203] 
Heat of pyrolysis kJ/kg 418 [68] 
Heat transfer coefficient W/m2.K 10 [204] 
Gas permeability m2 5.80×10-17 [123] 
Water permeability m2 3.79×10-20 [124] 
Diffusion coefficient of water m2/s 5.11×10-9 [123] 
Diffusion coefficient of gas m2/s 1.85×10-10 [205] 
Specific heat capacity J/kg·K 3200 [189] 
Surface emissivity - 0.76 [203] 
Thermal conductivity W/m·K 0.35 [206] 
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Material Property Unit Value 
Char 
Pyrolysis reaction rate 1/s 1.31×108exp(-134000/RT) [207] 
Density kg/m3 350 [208] 
Ash yield kg/kg 0.2 
Heat of pyrolysis reaction kJ/kg 980 
Diffusion coefficient of water m2/s 5.11×10-8 
Char 
Diffusion coefficient of gas m2/s 1.85×10-9 
Specific heat capacity J/kg·K 1350 [84] 
Surface emissivity - 0.80 [98] 
Thermal conductivity W/m·K 0.18 
Ash 
Density kg/m3 35 
Diffusion coefficient of water m2/s 5.11×10-8 
Diffusion coefficient of gas m2/s 1.85×10-9 
Specific heat capacity J/kg·K 1350 
Surface emissivity - 0.80 
Thermal conductivity W/m·K 0.18 
Water 
Evaporation rate 1/s 4.29×103exp(-43800/RT) [38] 
Heat of evaporation kJ/kg 2450 [209] 
Diffusion coefficient of water m2/s 5.11×10-8 
Diffusion coefficient of gas m2/s 1.85×10-9 
Surface emissivity - 0.97 [210] 
Specific heat capacity J/kg·K 4183 [211] 
Dynamic viscosity Pa·s 8.9×10-4 [212] 
Thermal conductivity W/m·K 0.61 [213] 
Gas 
Specific heat capacity of gas J/kg·K 1000 [214] 
Dynamic viscosity Pa·s 2.0×10-5 [215] 
Thermal conductivity W/m·K 0.03 [206] 
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7.2.2 Mass loss rate 
Noises were produced during experiments in mass loss history data. 
Savitzky-Golay method [168-169] has been used to solve this problem. This 
method optimally fits a set of data points to a polynomial in the least-squares 
sense, which has been developed and generalized well in literatures. Main 
advantage of this method is that it tends to preserve features of distribution 
such as relative maxima, minima and width. 
 
Fig. 7.1 shows comparisons of MLR between modeling and experiments of 
Cherry under 25 kW/m2 heat flux. It is known that modeling results obey well 
with experiments. From both modeling and experiments, three stages of mass 
loss can be observed. The first is water evaporation. Liquid water inside wood 
slab start to evaporate when temperature is higher than 100 °C. Mass loss due 
to water evaporation can be observed obviously by MLR history data under 
low heat flux. The second stage is preliminary pyrolysis reaction of virgin 
Cherry. This stage begins when Cherry starts to pyrolyze, may be when 
temperature is higher than 240 °C [2]. The third stage is pyrolysis of char. 
Peak MLR can be observed during this stage. 
 
It is known from Fig. 7.1 that mass loss due to water evaporation is much 
obvious from modeling than experiment. The reason may be because time 
period of water evaporation is short as water takes a small part of whole 
sample. Mass loss is hard to be measured in such a short time during 
experiment. Another reason may be that some jump points in MLR history data 
were ignored after smoothing by Savitzky-Golay method. 
 
Fig. 7.2 shows comparisons of MLR between modeling and experiments under 
50 kW/m2 heat flux. It is noticed that modeling results obey reasonablly well 
with experiments. As analyzed above, three mass loss stages can be observed 
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when Cherry are put under 25 kW/m2 heat flux. However, under 50 kW/m2 
heat flux, first stage of mass loss is not obvious. Modeling results show a tiny 
peak at the very beginning. This may be because the first two stages are very 
close, and time interval between start of water evaporation and start of 




Fig. 7.1 Comparisons between modeling and experiments for Cherry under 25 
kW/m2 heat flux for: (a) 10 mm thickness; (b) 20 mm thickness 
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Fig. 7.3 shows comparisons of MLR between modeling and experiments under 
75 kW/m2 heat flux. It is noticed that modeling results fit well with 
experimental data. This indicated that fire behaviors of wood samples under a 




Fig. 7.2 Comparisons between modeling and experiments for Cherry under 50 
kW/m2 heat flux for: (a) 10 mm thickness; (b) 20 mm thickness 
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From comparisons between modeling and experiments, it is noticed that 
FiresCone can predict MLR of wet wood under different heat flux well. 





Fig. 7.3 Comparisons between modeling and experiments for Cherry under 75 
kW/m2 heat flux for: (a) 10 mm thickness; (b) 20 mm thickness 
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7.2.3 Temperatures inside solid phase 
Temperatures inside Cherry slabs under 25, 50 and 75 kW/m2 heat flux are 
shown in Fig. 7.4 to Fig. 7.6. In these figures, X axis represents time, Y axis 
shows depth from surface and Z axis is the temperature. Color bar on the right 
shows a temperature range of 300-1500 K. Subfigure on the top of each figure 
shows modeling results of 10 mm thickness Cherry, and those on the bottom 




Fig. 7.4 Temperatures inside Cherry slabs under 25 kW/m2 heat flux for: (a) 
10 mm thickness; (b) 20 mm thickness 
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For Cherry under 25 kW/m2, shown in Fig. 7.4, it is observed surface 
temperature increases faster first, but increase of bottom temperature is not 
obvious at the same time. Heat goes deeply toward the bottom by thermal 
conduction, which can be described by Fourier’s law. Difference between 
surface and bottom temperature decreases gradually under the effects of 
thermal conduction and volume shrinkage. Time for external heat reaching the 
bottom decrease under volume shrinkage. Mass of whole sample slab 
decreases during pyrolysis of virgin wood, resulting in high rise of 
temperature of whole slab as heat for unit mass increases. 
 
 
Fig. 7.5 Temperatures inside Cherry slabs under 50 kW/m2 heat flux for: (a) 
10 mm thickness; (b) 20 mm thickness 
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Temperatures inside Cherry keep at maximum temperature near the end. This 
is because all virgin Cherry has finally changed into ash. Heat absorbed by ash 
and radiation heat loss on the surface achieved a balance as there was no more 
pyrolysis reaction. Maximum temperature is dependent on heat transfer 
coefficient, which has been analyzed in Section 6.2.9. It is observed that 
maximum temperature for two thickness samples are the same, but time to 
maximum temperature for the thicker sample is much longer than the other. 
 
Fig. 7.5 shows temperatures inside Cherry slabs under 50 kW/m2 heat flux. 
Similarly, increase of surface and bottom temperature follows a similar trend. 
However, compared to samples under lower heat flux, it is observed that 
surface temperature increases much significantly and maximum temperature 
shows a higher value. Difference between surface and bottom temperature 
becomes much obvious. 
 
 




Fig. 7.6 Temperatures inside Cherry slabs under 75 kW/m2 heat flux for: (a) 
10 mm thickness; (b) 20 mm thickness 
 
For Cherry under 75 kW/m2 heat flux, shown in Fig. 7.6, temperature increase 
much significantly than those under a lower heat flux, and time to maximum 
temperature is obviously shorter. For 10 mm Cherry sample, surface 
temperature reach maximum at about 300 s, the value increases to about 800 s 
for Cherry under 25 kW/m2 heat flux. 
7.2.4 Temperature and gas velocity in gas phase 
Temperature and gas velocity in gas phase when Cherry are put under 25, 50 
and 75 kW/m2 heat flux are shown in Fig. 7.7 to Fig. 7.9, respectively. Color 
bar on the right of each subfigure shows a temperature range of 300-2000 K. 
White arrows in these figures show gas velocity. 
 
Computational domain of gas phase can be seen in Fig. 3.2. Sloped shoulders 
on both sides are the heaters, assumed as no slip wall boundary. Two corners 
at the bottom allow fresh air entering, considered as open boundary. Fuel are 
produced in sample during pyrolysis of virgin Cherry and its products. They 
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transport inside Cherry slab under pressure gradient, and finally release to the 
air through sample surface. Combustion processes happen when Fuel 
encounter oxygen, which can be described by Arrhenius law. Gas species such 
as CO, CO2 and H2O are produced during combustion processes. 
 
Temperature contour in gas phase for 10 mm thickness Cherry under 25 
kW/m2 heat flux is shown in Fig. 7.7. Three areas are observed with high 
temperature. The first two areas are near the slope shoulders, which represent 
the heaters. Temperature of air near the heaters increase because of thermal 
conduction and convection. The last area is above the bottom of computational 
domain, which represents sample surface. Fuel undergoes combustion 
processes when they are released to the air. As combustion of fuel is an 
exothermic process, a large amount of heat are released, resulting in high 
temperature in surrounding area. 
 
As shown in Fig. 7.7, high temperature area above sample surface may be 
dependent on flow rate of fuel from solid phase. Compared to Fig. 7.7(a) at 
200 s, temperature in Fig. 7.7(b) at 400 s is much higher. 
 
Fig. 7.8 shows temperature and gas velocity in gas phase for 10 mm thickness 
Cherry under 50 kW/m2 heat flux. High temperature area locates where fuel 
encounters fresh air. This is because combustion rate increases with a higher 
concentration of fuel and oxygen. 
 
Situations for Cherry under 75 kW/m2 heat flux shown in Fig. 7.9 are similar 
to those under lower heat flux. Temperature near sample surface shows high 
value because combustion of fuel happens at this place under low flow rate of 
fuel from sample surface. 
 




Fig. 7.7 Temperature and gas velocity in gas phase for 10 mm thickness 




Fig. 7.8 Temperature and gas velocity in gas phase for 10 mm thickness 
Cherry under 50 kW/m2 heat flux at: (a) 50 s; (b)200 s; (c) 400 s; and (d) 600 s 
 
 




Fig. 7.9 Temperature and gas velocity in gas phase for 10 mm thickness 
Cherry under 75 kW/m2 heat flux at: (a) 100 s; (b) 200 s; (c) 300 s; and (d) 
400 s 
7.2.5 Gas volatiles in gas phase 
Mass fraction of O2 and fuel in gas phase for Cherry under 25, 50 and 75 
kW/m2 heat flux are shown in Fig. 7.10 to Fig. 7.12, respectively. For each 
subfigure in these figures, left half represents mass fraction contour of O2 and 
right half is fuel. Color bar on the left of each subfigure ranging from 0 to 0.25 
represents mass fraction of O2, and color bars on the right with a range of 
0-0.8 is for fuel. 
 
It is observed from Fig. 7.10 that mass fraction of O2 in most areas excepting 
area above sample surface are at ambient value. This is consistent with the 
structure of computational domain that fresh air can enter from both bottom 
corners. High mass fraction of fuel locate above sample surface, which 
increases with high velocity, shown in Fig. 7.10(b). No more fuel is produced 
after all wood has changed into ash. Less fuel can go up as most of fuel are 
already consumed after releasing to the air. This can be seen in Fig. 7.10(d). 




Fig. 7.10 Mass fraction of O2 (left half) and Fuel (right half) in gas phase for 
10 mm thickness Cherry under 25 kW/m2 heat flux at: (a) 200 s; (b) 400 s; (c) 
600 s; and (d) 1000 s 
 
 
Fig. 7.11 Mass fraction of O2 (left half) and Fuel (right half) in gas phase for 
10 mm thickness Cherry under 50 kW/m2 heat flux at: (a) 50 s; (b) 200 s; (c) 
400 s; and (d) 600 s 
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Fig. 7.11 and Fig. 7.12 show mass fraction of O2 and fuel in gas phase for 
Cherry under 50 and 75 kW/m2 heat flux, respectively. Situations under these 
two heat flux are similar to those under 25 kW/m2 heat flux. 
 
 
Fig. 7.12 Mass fraction of O2 (left half) and Fuel (right half) in gas phase for 
10 mm thickness Cherry under 75 kW/m2 heat flux at: (a) 100 s; (b) 200 s; (c) 
300 s; and (d) 400 s 
 
Mass fraction of CO and CO2 for Cherry under 25, 50 and 75 kW/m2 heat flux 
are shown in Fig. 7.13 to Fig. 7.15, respectively. In these figures, left half of 
each subfigure shows mass fraction of CO2 and right half represents mass 
fraction of CO. Color bar on the right of each subfigure with a range of 0-0.06 
is for CO, and left color bar with a range of 0-0.8 is for CO2. 
 
It is observed from Fig. 7.13 that CO and CO2 show similar contour of mass 
fraction. This is because one-step combustion reaction of fuel was used, seen 
in Eq. (7.4). Mass fraction of CO is much lower than CO2 as color bar for CO 
shows a narrow range. Mass fraction of CO and CO2 also show similar 
contour with temperature in Fig. 7.7. This is because high temperature is due 
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to the released heat from combustion reactions. High combustion rate then 
results in high mass fraction of CO and CO2. 
 
 
Fig. 7.13 Mass fraction of CO2 (left half) and CO (right half) in gas phase for 
10 mm thickness Cherry under 25 kW/m2 heat flux at: (a) 200 s; (b) 400 s; (c) 
600 s; and (d) 1000 s 
 
 
Fig. 7.14 Mass fraction of CO2 (left half) and CO (right half) in gas phase for 
10 mm thickness Cherry under 50 kW/m2 heat flux at: (a) 50 s; (b) 200 s; (c) 
400 s; and (d) 600 s 
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Mass fraction of CO and CO2 for Cherry under 50 and 75 kW/m2 heat flux 
show similar phenomenon with those under 25 kW/m2 heat flux, which can be 
seen in Fig. 7.14 and Fig. 7.15. 
 
 
Fig. 7.15 Mass fraction of CO2 (left half) and CO (right half) in gas phase for 
10 mm thickness Cherry under 75 kW/m2 heat flux at: (a) 100 s; (b) 200 s; (c) 
300 s; and (d) 400 s 
7.3 Modeling results of non-charring polymers 
7.3.1 Thermal properties of PMMA 
Table 7.2 shows thermal properties of PMMA for modeling input. PMMA is a 
non-charring polymer, and it burns out without residue. It is impossible to 
continue modeling when the size of some grids become zero when all PMMA 
matrix change into gas volatiles. Therefore, in FiresCone, it was assumed that 
there are very few char left after burning of PMMA to avoid empty grid. 
Compared to wood, liquid water inside polymer is limited, shown in Table 2.5. 
So water inside PMMA was ignored, the same for ABS and PC. Reactions 
considered in the numerical modeling were: 
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 PMMA bPMMA→   (7.5) 
 ( )PMMA Fuel Char very few→ +   (7.6) 
 ( )bPMMA Fuel Char very few→ +   (7.7) 
 2 2 2Fuel O CO CO H O+ → + +   (7.8) 
where bPMMA is the bubbled PMMA, representing melted PMMA; and char 
yield was assumed very small in the numerical modeling to avoid empty grid. 
 
Gases and liquids are very difficult to pass through virgin PMMA. When 
PMMA is put under heat flux, gases and liquids exhaust to the air through 
bPMMA, which may be similar to the process within liquid water. No data has 
been found about permeability and diffusion coefficient of virgin PMMA and 
bPMMA. Those data were then assumed based on liquid water. As empty grid 
after burning out of bPMMA was filled by air in experiments, absorption 
coefficient of char in modeling was assumed equal to the air. Other properties 
of char in modeling were assumed the same with bPMMA. 
 
Table 7.2 Thermal properties of PMMA for modeling input 
Material Property Unit Value 
PMMA 
Pyrolysis reaction rate 1/s 8.5×1012exp(-188000/RT) [9] 
Melting rate 1/s 2.9×1047exp(-366250/RT) [216] 
Density kg/m3 1202.9 [Measured] 
Heat of pyrolysis kJ/kg 1350 
Gas permeability m2 5.80×10-16 
Water permeability m2 3.79×10-19 
Diffusion coefficient of water m2/s 5.11×10-8 
Diffusion coefficient of gas m2/s 1.85×10-9 
Specific heat capacity J/kg·K 1500 [217] 
Surface emissivity - 0.96 [218] 
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Material Property Unit Value 
PMMA 
Thermal conductivity W/m·K 0.16 [217] 
Absorption coefficient 1/m 960 [218] 
bPMMA 
Pyrolysis reaction rate 1/s 8.5×1012exp(-188000/RT) [9] 
Density kg/m3 1000.0 
Heat of pyrolysis kJ/kg 1350 
Gas permeability m2 5.80×10-16 
Water permeability m2 3.79×10-19 
Diffusion coefficient of water m2/s 5.11×10-8 
Diffusion coefficient of gas m2/s 1.85×10-9 
Specific heat capacity J/kg·K 2200 [217] 
Surface emissivity - 0.96 [218] 
Thermal conductivity W/m·K 0.21 [217] 
Absorption coefficient 1/m 960 [218] 
Char 
Density kg/m3 1202.9 
Gas permeability m2 5.80×10-16 
Water permeability m2 3.79×10-19 
Diffusion coefficient of water m2/s 5.11×10-8 
Char 
Diffusion coefficient of gas m2/s 1.85×10-9 
Specific heat capacity J/kg·K 2200 
Surface emissivity - 0.96 
Thermal conductivity W/m·K 0.21 
Absorption coefficient 1/m 0.1 
Gas 
Specific heat capacity J/kg·K 1000 [214] 
Dynamic viscosity Pa·s 2.0×10-5 [215] 
Thermal conductivity W/m·K 0.03 [206] 
7.3.2 Mass loss rate 
Fig. 7.16 shows comparison of MLR between modeling and experiments for 
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PMMA under 25 kW/m2 heat flux. It is observed that modeling results obey 
reasonably well with experiments for 10 mm thickness sample. However, 
modeling results for 20 mm thickness PMMA show much higher MLR than 
experiment. This is because the sample was not ignited during experiment. 
PMMA sample was under smoldering combustion during whole experimental 
time, showing a very low MLR. This may indicate that the critical heat flux of 
PMMA is about 25 kW/m2 under autoignition conditions. PMMA samples 
under 25 kW/m2 have a chance to be or not to be ignited during experiments. 
For wood samples, Mehaffey [162] determined that their critical heat flux 
under autoignition condition is about 28 kW/m2. 
 
Mass loss rate of PMMA under 50 kW/m2 heat flux can be seen in Fig. 7.17. It 
is observed from comparison that modeling results obey well with experiments. 
Tewarson [193] divided whole burning of non-charring polymers into three 
stages: solid stage, molten stage, and boiling liquid stage. And peak HRR (or 
MLR) happens in the last stage. This is because of thermal feedback that 
occurs when pyrolysis zone reaches the bottom. From modeling results, it is 
known that FiresCone clearly shows three stages. MLR increases fast at the 
beginning after ignition. In the second stage, most of PMMA matrix start to 
melt when temperature rises. MLR increases smoothly in this stage. After all 
solid PMMA change into liquid, peak MLR appears in liquid boiling stage 
because of feedback heat from insulated bottom. 
 
From Fig. 7.17, it is observed that MLR in the first and the third stages are 
similar for two thicknesses samples. Influence of thickness on MLR is 
reflected in the second stage, namely molten stage. The second stage of 10 
mm thickness PMMA lasts less than 300 s, but this value for 20 mm thickness 
PMMA is longer than 600 s. 
 





Fig. 7.16 Comparisons between modeling and experiments for PMMA under 
25 kW/m2 heat flux for: (a) 10 mm thickness; (b) 20 mm thickness 
 





Fig. 7.17 Comparisons between modeling and experiments for PMMA under 
50 kW/m2 heat flux for: (a) 10 mm thickness; (b) 20 mm thickness 
 
Fig. 7.18 shows MLR of PMMA under 75 kW/m2 heat flux. It can be obtained 
that modeling results obey well with experiments. Three stages can be easily 
identified from both of modeling and experiments, and peak MLR is shown in 
the last stage. 
 





Fig. 7.18 Comparisons between modeling and experiments for PMMA under 
75 kW/m2 heat flux for: (a) 10 mm thickness; (b) 20 mm thickness 
7.3.3 Temperatures inside sold phase 
Fig. 7.19 to Fig. 7.21 show temperatures inside PMMA slabs under 25, 50 and 
75 kW/m2 heat flux, respectively. Axes X, Y and Z follow the same rules with 
Cherry. One difference is the range of color bar, which is 300-800 K for 
PMMA. 





Fig. 7.19 Temperatures inside PMMA slabs under 25 kW/m2 heat flux for: (a) 
10 mm thickness; (b) 20 mm thickness 
 
It is observed from Fig. 7.19 that temperatures inside PMMA slabs are much 
lower than those in Cherry. This obeyed well with its characteristics of 
transparent. Absorption coefficients of PMMA and bPMMA are much smaller 
than wood. Less heat are then absorbed by PMMA and bPMMA matrix. It 
may be the reason why temperatures inside PMMA slab are much lower than 
Cherry. 





Fig. 7.20 Temperatures inside PMMA slabs under 50 kW/m2 heat flux for: (a) 
10 mm thickness; (b) 20 mm thickness 
 
From Fig. 7.19, it is noticed that surface temperature increases significantly at 
the beginning. Although increase of bottom temperature is not so obvious with 
surface temperature, its increase seems to be much faster compared to those of 
Cherry. This is because external heat can be transported to bottom not only by 
thermal conduction but also by in-depth radiation. Temperatures inside sample 
slab decrease after burning out of bPMMA, which corresponds with the 
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Fig. 7.21 Temperatures inside PMMA slabs under 75 kW/m2 heat flux for: (a) 
10 mm thickness; (b) 20 mm thickness 
 
Temperatures inside PMMA slabs under 50 and 75 kW/m2 heat flux are 
similar to those under 25 kW/m2 heat flux, shown in Fig. 7.20 and Fig. 7.21, 
respectively. It is observed that temperature increase very fast at the beginning 
and decrease after burning out of all bPMMA. Different to wood samples, 
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maximum temperatures inside PMMA slabs increase little as heat flux rises. 
This may be because of the transparent characteristics of PMMA and 
bPMMA. 
7.3.4 Temperature and gas velocity in gas phase 
Temperature and gas velocity in gas phase for PMMA under 25, 50 and 75 
kW/m2 heat flux are shown in Fig. 7.22 to Fig. 7.24, respectively. Range of 
color bar is same with Cherry, namely between 300 and 2000 K. 
 
 
Fig. 7.22 Temperature and gas velocity in gas phase for 10 mm thickness 
PMMA under 25 kW/m2 heat flux at: (a) 200 s; (b) 500 s; (c) 1000 s; and (d) 
2000 s 
 
Fig. 7.22 shows temperatures inside PMMA slab under 25 kW/m2 heat flux. 
High temperature locate at the interface between fuel and fresh air. Under 
pyrolysis of bPMMA, mass of whole sample keeps decreasing, resulting in 
less produce of fuel. Temperatures decrease much after burning out of all 
bPMMA, shown in Fig. 7.22(d). 




Fig. 7.23 Temperature and gas velocity in gas phase for 10 mm thickness 




Fig. 7.24 Temperature and gas velocity in gas phase for 10 mm thickness 
PMMA under 75 kW/m2 heat flux at: (a) 100 s; (b) 200 s; (c) 300 s; and (d) 
400 s 
 
Temperature and gas velocity in gas phase for PMMA under 50 and 75 kW/m2 
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heat flux are similar, shown in Fig. 7.23 and Fig. 7.24, respectively. 
Temperature rises when flow rate of fuel from solid phase increase. This is 
because sufficient oxygen enter from two bottom corners. 
7.3.5 Gas volatiles in gas phase 
Mass fraction contour of O2 and fuel for PMMA under 25, 50 and 75 kW/m2 
heat flux are shown in Fig. 7.25 to Fig. 7.27, respectively. Color bar for O2 and 
fuel are following the same way with those of Cherry. These figures show 
mass fraction of O2 and fuel at different time, which can be used to explain the 
existence of high temperature areas shown in Fig. 7.22 to Fig. 7.24. 
 
 
Fig. 7.25 Mass fraction of O2 (left half) and Fuel (right half) in gas phase for 
10 mm thickness PMMA under 25 kW/m2 heat flux at: (a) 200 s; (b) 500 s; (c) 
1000 s; and (d) 2000 s 
 
Fig. 7.26 and Fig. 7.27 show mass fraction contour of O2 and fuel for PMMA 
under 50 and 75 kW/m2, respectively. Irregular areas are shown under effect of 
high flow rate of fuel from sample surface. 
 




Fig. 7.26 Mass fraction of O2 (left half) and Fuel (right half) in gas phase for 
10 mm thickness PMMA under 50 kW/m2 heat flux at: (a) 100 s; (b) 300 s; (c) 
500 s; and (d) 700 s 
 
 
Fig. 7.27 Mass fraction of O2 (left half) and Fuel (right half) in gas phase for 
10 mm thickness PMMA under 75 kW/m2 heat flux at: (a) 100 s; (b) 200 s; (c) 
300 s; and (d) 400 s 
 




Fig. 7.28 Mass fraction of CO2 (left half) and CO (right half) in gas phase for 
10 mm thickness PMMA under 25 kW/m2 heat flux at: (a) 200 s; (b) 500 s; (c) 
1000 s; and (d) 2000 s 
 
 
Fig. 7.29 Mass fraction of CO2 (left half) and CO (right half) in gas phase for 
10 mm thickness PMMA under 50 kW/m2 heat flux at: (a) 100 s; (b) 300 s; (c) 
500 s; and (d) 700 s 
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Mass fraction contour of CO and CO2 are similar to those of temperature, 
shown in Fig. 7.28 to Fig. 7.30. High temperature area represents high 
combustion rate of fuel, resulting in high produce of CO and CO2. Mass 
fraction of CO and CO2 show similar contour as one-step combustion reaction 
of fuel was assumed, seen in Eq. (7.8). 
 
 
Fig. 7.30 Mass fraction of CO2 (left half) and CO (right half) in gas phase for 
10 mm thickness PMMA under 75 kW/m2 heat flux at: (a) 100 s; (b) 200 s; (c) 
300 s; and (d) 400 s 
7.4 Modeling results of charring polymers 
7.4.1 Thermal properties of ABS 
Polymers such as ABS are unlike the PMMA, and char are produced. 
Pyrolysis reactions of ABS under heat flux are similar to those of wood: 
 ABS Char Fuel→ +   (7.9) 
 Char Ash Fuel→ +   (7.10) 
 2 2 2Fuel O CO CO H O+ → + +   (7.11) 
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Table 7.3 shows thermal properties of ABS for modeling input. A point needed 
to be mentioned is that char residue of ABS is unlike wood char, which can be 
seen in Appendix F. Some properties of char residue of ABS may then be 
different to wood char. As no data has been found for char and ash of ABS, 
their properties were adjusted based on those of wood. Properties described 
transportation of liquids and gases inside ABS have not been found in 
references, which were assumed based on wood as well.  
 
Table 7.3 Thermal properties of ABS for modeling input 
Material Property Unit Value 
ABS 
Pyrolysis reaction rate 1/s 9.50×1010exp(-179.2×103/RT) [219] 
Density kg/m3 1065.7 [Measured] 
Char yield kg/kg 0.20 
Heat of pyrolysis kJ/kg 600 
Gas permeability m2 5.80×10-17 
Water permeability m2 3.79×10-20 
Diffusion coefficient of water m2/s 5.11×10-9 
Diffusion coefficient of gas m2/s 1.85×10-10 
Specific heat capacity J/kg·K 1500 [220] 
Surface emissivity - 0.95 
Thermal conductivity W/m·K 0.45 
Char 
Pyrolysis reaction rate 1/s 1.31×108exp(-134000/RT) [207] 
Density kg/m3 450 
Ash yield kg/kg 0.20 
Heat of pyrolysis kJ/kg 980 
Gas permeability m2 5.80×10-16 
Water permeability m2 3.79×10-19 
Diffusion coefficient of water m2/s 5.11×10-8 
Diffusion coefficient of gas m2/s 1.85×10-9 
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Material Property Unit Value 
Char 
Specific heat capacity J/kg·K 1350 [84] 
Surface emissivity - 0.8 [98] 
Thermal conductivity W/m·K 0.35 
Ash 
Density kg/m3 155 
Gas permeability m2 5.80×10-16 
Water permeability m2 3.79×10-19 
Diffusion coefficient of water m2/s 5.11×10-8 
Diffusion coefficient of gas m2/s 1.85×10-9 
Specific heat capacity J/kg·K 1350 
Surface emissivity  - 0.80 
Thermal conductivity W/m·K 0.35 
Gas 
Specific heat capacity J/kg·K 1000 [214] 
Dynamic viscosity Pa·s 2.0×10-5 [215] 
Thermal conductivity W/m·K 0.03 [206] 
7.4.2 Mass loss rate 
Fig. 7.31 shows comparisons between modeling and experiments for ABS 
under 25 kW/m2 heat flux. It is observed that difference exists between 
modeling and experiments. This phenomenon is because of ignition issue, 
which is similar to that of PMMA, shown in Fig. 7.16(b). ABS with 10 mm 
thickness was not ignited during whole experimental time, but 20 mm 
thickness ABS was ignited with a peak MLR of about 25 g/m2·s. Mehaffey 
[162] obtained that critical heat flux of wood is about 28 kW/m2. The critical 
heat flux of ABS may be around 25 kW/m2 heat flux.  
 
Modeling results for 20 mm thickness ABS did not obey well with experiment. 
In experiment, it took about 1000 s to ignite the sample. After ignition, MLR 
increased fast and peak MLR happened shortly. In modeling, sample was 
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ignited at about 250 s and MLR increased fast after that. This causes the 




Fig. 7.31 Comparisons between modeling and experiments for ABS under 25 
kW/m2 heat flux for: (a) 10 mm thickness; (b) 20 mm thickness 
 
Fig. 7.32 shows comparisons between modeling and experiments for ABS 
under 50 kW/m2 heat flux. It is observed that modeling results obey well with 
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experiments. In experiment, MLR decreases slowly from peak MLR to zero, 
which last more than 200 s. However, in modeling, this period only last less 
than 50 s. This phenomenon may be because of lack of data as the mass loss 




Fig. 7.32 Comparisons between modeling and experiments for ABS under 50 
kW/m2 heat flux for: (a) 10 mm thickness; (b) 20 mm thickness 
 





Fig. 7.33 Comparisons between modeling and experiments for ABS under 75 
kW/m2 heat flux for: (a) 10 mm thickness; (b) 20 mm thickness 
 
From both modeling and experiments, it is noticed that mass loss of ABS can 
be divided into three stages. In the first stage, MLR increases significantly 
after ignition. Ignition time under 50 kW/m2 in modeling obey well with 
experiments. In the second stage, increase of MLR become much smoother. 
Pyrolysis of virgin ABS and char take place at the same time. In the last stage, 
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almost all virgin ABS have changed into char, resulting in a decrease of MLR. 




Fig. 7.34 Temperatures inside ABS slabs under 25 kW/m2 heat flux for: (a) 10 
mm thickness; (b) 20 mm thickness 
 
Situations of ABS under 75 kW/m2 heat flux follow the same way with those 
under 50 kW/m2 heat flux, shown in Fig. 7.33. It is observed that modeling 
results obey well with experiments. Mass loss of ABS also can be divided into 
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three stages. Differences between modeling and experiment start in the last 
stage. Modeling results of ABS may be improved when kinetic properties of 




Fig. 7.35 Temperatures inside ABS slabs under 50 kW/m2 heat flux for: (a) 10 
mm thickness; (b) 20 mm thickness 
7.4.3 Temperatures inside solid phase 
Temperatures inside ABS slabs under 25, 50 and 75 kW/m2 heat flux are 
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shown in Fig. 7.34 to Fig. 7.36, respectively. Color bar on the right represents 
a temperature range of 300-1500 K. Similar to Cherry, surface temperature 
increases fast at the beginning. Increase of bottom temperature is much slower 
than surface temperature as it takes time for heat reach bottom, which gets 
longer for a thicker sample. Maximum temperature happen when all virgin 




Fig. 7.36 Temperatures inside ABS slabs under 75 kW/m2 heat flux for: (a) 10 
mm thickness; (b) 20 mm thickness 
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7.4.4 Temperature and gas velocity in gas phase 
Fig. 7.37 to Fig. 7.39 show temperature and gas velocity in gas phase under 25, 
50 and 75 kW/m2 heat flux, respectively. Temperature range of color bar are 
the same with Cherry, namely from 300 K to 2000 K. Similar phenomena can 
been observed with Cherry. High temperature area locates near the heater and 
interface between fuel and fresh air. When flow rate of fuel from solid surface 
decrease, high temperature area locate near sample surface. 
 
 
Fig. 7.37 Temperature and gas velocity in gas phase for 10 mm thickness ABS 
under 25 kW/m2 heat flux at: (a) 200 s; (b) 400 s; (c) 600 s; and (d) 1200 s 
7.4.5 Gas volatiles in gas phase 
Mass fraction of O2 and fuel for ABS under 25, 50 and 75 kW/m2 heat flux 
can be seen in Fig. 7.40 to Fig. 7.42, respectively. In these figures, left and 
right half of each subfigure represent mass fraction of O2 and fuel, 
respectively. 
 




Fig. 7.38 Temperature and gas velocity in gas phase for 10 mm thickness ABS 
under 50 kW/m2 heat flux at: (a) 100 s; (b) 200 s; (c) 400 s; and (d) 600 s 
 
 
Fig. 7.39 Temperature and gas velocity in gas phase for 10 mm thickness ABS 
under 75 kW/m2 heat flux at: (a) 100 s; (b) 200 s; (c) 300 s; and (d) 500 s 
 
Mass fraction of CO and CO2 for ABS under 25, 50 and 75 kW/m2 heat flux 
are shown in Fig. 7.43 to Fig. 7.45, respectively. These figures are similar to 
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those temperature contour, shown in Fig. 7.37 to Fig. 7.39. 
 
Fig. 7.40 Mass fraction of O2 (left half) and Fuel (right half) in gas phase for 
10 mm thickness ABS under 25 kW/m2 heat flux at: (a) 200 s; (b) 400 s; (c) 
600 s; and (d) 1200 s 
 
 
Fig. 7.41 Mass fraction of O2 (left half) and Fuel (right half) in gas phase for 
10 mm thickness ABS under 50 kW/m2 heat flux at: (a) 100 s; (b) 200 s; (c) 
400 s; and (d) 600 s 




Fig. 7.42 Mass fraction of O2 (left half) and Fuel (right half) in gas phase for 
10 mm thickness ABS under 75 kW/m2 heat flux at: (a) 100 s; (b) 200 s; (c) 
300 s; and (d) 500 s 
 
 
Fig. 7.43 Mass fraction of CO2 (left half) and CO (right half) in gas phase for 
10 mm thickness ABS under 25 kW/m2 heat flux at: (a) 200 s; (b) 400 s; (c) 
600 s; and (d) 1200 s 
 




Fig. 7.44 Mass fraction of CO2 (left half) and CO (right half) in gas phase for 
10 mm thickness ABS under 50 kW/m2 heat flux at: (a) 100 s; (b) 200 s; (c) 
400 s; and (d) 600 s 
 
 
Fig. 7.45 Mass fraction of CO2 (left half) and CO (right half) in gas phase for 
10 mm thickness ABS under 75 kW/m2 heat flux at: (a) 100 s; (b) 200 s; (c) 
300 s; and (d) 500 s 
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7.5 Modeling results of intumescent polymers 
7.5.1 Thermal properties of PC 
Pyrolysis reactions of PC are similar to those of ABS. However, PC goes 
expansion because of expanded char and ash. Reactions considered in the 
modeling are listed as follows: 
 PC Char Fuel→ +   (7.12) 
 Char Ash Fuel→ +   (7.13) 
 2 2 2Fuel O CO CO H O+ → + +   (7.14) 
 
Table 7.4 shows thermal properties of PC for modeling input. As data 
described liquids and gases transportation inside PC slab have not been found 
in literatures, they were assumed based on wood. Except density, thermal 
properties of char and ash were assumed based on wood as well. 
 
Table 7.4 Thermal properties of PC for modeling input 
Material Property Unit Value 
PC 
Pyrolysis reaction rate 1/s 2.8×108exp(-151.5×103/RT) [203] 
Density kg/m3 1226.7 [Measured] 
Char yield kg/kg 0.25 
Heat of pyrolysis kJ/kg 400 
Gas permeability m2 5.80×10-17 
Water permeability m2 3.79×10-20 
Diffusion coefficient of water m2/s 5.11×10-9 
Diffusion coefficient of gas m2/s 1.85×10-10 
Specific heat capacity J/kg·K 1220 [220] 
Surface emissivity - 0.96 
Thermal conductivity W/m·K 0.30 
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Material Property Unit Value 
Char 
Pyrolysis reaction rate 1/s 1.31×108exp(-134000/RT) [207] 
Density kg/m3 100 
Ash yield kg/kg 0.25 
Heat of pyrolysis kJ/kg 580 
Gas permeability m2 5.80×10-16 
Water permeability m2 3.79×10-19 
Diffusion coefficient of water m2/s 5.11×10-8 
Diffusion coefficient of gas m2/s 1.85×10-9 
Specific heat capacity J/kg·K 1350 [84] 
Surface emissivity - 0.90 
Thermal conductivity W/m·K 0.15 
Ash 
Density kg/m3 55 
Gas permeability m2 5.80×10-16 
Water permeability m2 3.79×10-19 
Diffusion coefficient of water m2/s 5.11×10-8 
Diffusion coefficient of gas m2/s 1.85×10-9 
Specific heat capacity J/kg·K 1350 
Surface emissivity - 0.90 
Thermal conductivity W/m·K 0.15 
Gas 
Specific heat capacity J/kg·K 1000 [214] 
Dynamic viscosity Pa·s 2.0×10-5 [215] 
Thermal conductivity W/m·K 0.03 [206] 
7.5.2 Mass loss rate 
PC slabs went expansion after experiment start. There was a time period 
during experiment that top PC slab touched cone heater, resulting in jumps in 
MLR history data. However, it had no influence to HRR history data which 
were measured by oxygen consumption. As analyzed in Chapter 5, HRR 
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showed linear relationship with the rest MLR data. Relationship between these 




=   (7.15) 
 
It is impossible to provide completed MLR history data as top PC slab surface 
touched cone heater during a time period in experiments. MLR data for 
validation of FiresCone were then obtained by Eq. (7.15). MLR data under 25 
kW/m2 were also affected by cone heater. However, as the PC slab underwent 
smoldering combustion, HRR cannot be accurately measured by cone 
calorimeter as they kept low. Under this circumstance, situations under 25 
kW/m2 heat flux have to be ignored in this study. 
 
Fig. 7.46 shows comparisons of modeling and experiments for PC under 50 
kW/m2 heat flux. Modeling results seem to be much stable than experiments. 
Situation become much complicated in experiments because of irregular 
expansion. This is the reason why experimental results of intumescent 
polymers are not repeatable as non-charring polymers and wood. Stoliarov et 
al. [5] observed a similar phenomenon when they took experiments of PC in 
cone calorimeter. 
 
From Fig. 7.46, it is observed that peak MLR happen shortly after experiment 
start, and MLR decreases all the time after that. This may be because heat 
transportation becomes harder when distance between surface and bottom 
keep increasing. Also produced char and ash at the top could block external 
heat. 
 





Fig. 7.46 Comparisons between modeling and experiments for PC under 50 
kW/m2 heat flux for: (a) 10 mm thickness; (b) 20 mm thickness 
 
Fig. 7.47 shows comparisons between modeling and experiments for PC under 
75 kW/m2 heat flux. It is noticed that modeling results fit the trend of 
experimental data well. Similarly, peak MLR happen shortly after experiment 
start and MLR keeps decreasing after that. A peak near the end of experiment 
can be observed for 20 mm thickness PC. It is not obvious for 10 mm 
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thickness PC. This phenomenon may be because of pyrolysis of char or 




Fig. 7.47 Comparisons between modeling and experiments for PC under 75 
kW/m2 heat flux for: (a) 10 mm thickness; (b) 20 mm thickness 
7.5.3 Temperatures inside solid phase 
Temperatures inside PC slabs under 50 and 75 kW/m2 heat flux are shown in 
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Fig. 7.48 and Fig. 7.49, respectively. Temperature range of color bar is the 




Fig. 7.48 Temperatures inside PC slabs under 50 kW/m2 heat flux for: (a) 10 
mm thickness; (b) 20 mm thickness 
 
Similar to materials analyzed above, surface temperature increases very fast at 
the beginning. Surface temperature increases faster under a higher heat flux. 
However, bottom temperature increases much slower than other three 
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materials. As PC slab becomes opaque quickly after experiment start, the only 
way for heat transfer inside PC slab is thermal conduction, which becomes 
even difficult under volume expansion. This is the reason why increase of 
bottom temperature delay so much and big difference exist between surface 




Fig. 7.49 Temperatures inside PC slabs under 75 kW/m2 heat flux for: (a) 10 
mm thickness; (b) 20 mm thickness 
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7.5.4 Temperature and gas velocity in gas phase 
Fig. 7.50 and Fig. 7.51 show temperature and gas velocity in gas phase when 
PC are put under 50 and 75 kW/m2 heat flux, respectively. Temperature range 
of color bar is the same with above materials, namely 300 to 2000 K. 
 
Fig. 7.50 Temperature and gas velocity in gas phase for 10 mm thickness PC 
under 50 kW/m2 heat flux at: (a) 200 s; (b) 400 s; (c) 600 s; and (d) 1000 s 
 
Fig. 7.51 Temperature and gas velocity in gas phase for 10 mm thickness PC 
under 75 kW/m2 heat flux at: (a) 100 s; (b) 400 s; (c) 800 s; and (d) 1100 s 
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7.5.5 Gas volatiles in gas phase 
Mass fraction of O2 and fuel for PC under 50 and 75 kW/m2 heat flux are 
shown in Fig. 7.52 and Fig. 7.53, respectively. Right half of each subfigure 
shows mass fraction of fuel and left half shows mass fraction of O2. Mass 
fraction ranges of fuel and O2 are the same with materials analyzed above, 
namely 0-0.8 and 0-0.25, respectively. 
 
Fig. 7.54 and Fig. 7.55 show mass fraction of CO and CO2 for PC under 50 
and 75 kW/m2 heat flux, respectively. Right half of each subfigure is the mass 
fraction of CO, ranging from 0 to 0.06. And left half shows mass fraction 
contour of CO2 with color bar ranging from 0 to 0.8. 
 
 
Fig. 7.52 Mass fraction of O2 (left half) and Fuel (right half) in gas phase for 
10 mm thickness PC under 50 kW/m2 heat flux at: (a) 200 s; (b) 400 s; (c) 600 
s; and (d) 1000 s 
 




Fig. 7.53 Mass fraction of O2 (left half) and Fuel (right half) in gas phase for 
10 mm thickness PC under 75 kW/m2 heat flux at: (a) 100 s; (b) 400 s; (c) 800 
s; and (d) 1100 s 
 
 
Fig. 7.54 Mass fraction of CO2 (left half) and CO (right half) in gas phase for 
10 mm thickness PC under 50 kW/m2 heat flux at: (a) 200 s; (b) 400 s; (c) 600 
s; and (d) 1000 s 
 




Fig. 7.55 Mass fraction of CO2 (left half) and CO (right half) in gas phase for 
10 mm thickness PC under 75 kW/m2 heat flux at: (a) 100 s; (b) 400 s; (c) 800 
s; and (d) 1100 s 
7.6 Concluding remarks 
The new mathematical model, FiresCone, was used to simulate pyrolysis and 
combustion processes of four types of combustible materials, including wood, 
non-charring, charring and intumescent polymers. The following conclusions 
can be addressed: 
 
(1) FiresCone was validated by experimental results from the first two 
parts of this study. It was known that predictions of mass loss rate agreed well 
with experiments for four types of combustible materials with different 
thicknesses under various heat fluxes. It was observed from both modeling and 
experiments that peak mass loss rate of wood, non-charring and charring 
polymers happened at the end of experiments, but for intumescent polymers 
they showed at the beginning. 
 
(2) Modeling results of PMMA showed several differences with other 
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three types of combustible materials. These modeling results obeyed well with 
their characteristics. Firstly, bottom temperature of PMMA increased much 
faster than the others. This was consistent with the characteristics that for 
PMMA external heat can be transferred to bottom not only by thermal 
conduction but also by in-depth radiation. Secondly, temperatures inside 
PMMA sample decreased after burning out, but temperatures inside other 
three types of materials kept at maximum near the end. This obeyed well with 
the characteristics that PMMA leaved no char. Thirdly, temperatures inside 
PMMA slab were much lower, and heat flux was observed to have limited 
influence on maximum temperature inside PMMA. This corresponded with 
characteristics that PMMA is a transparent material with low absorption 
coefficient. 
 
(3) According to modeling results, three high temperature areas in gas 
phase were observed. The first two areas were near cone heaters. Gas 
temperature near the cone heaters increased because of thermal conduction 
and convection. The last area was above sample surface. Gas volatiles 
underwent combustion processes when they were released from solid phase 
through sample surface. High temperature area above sample surface were 
then showed because of the heat released from exothermic combustion 
reactions of gas volatiles. 
 
(4) It was observed from modeling results that mass fractions of O2 in 
most areas except area above sample surface were at ambient value. This was 
consistent with the structure of computational domain that fresh air can enter 
from both bottom corners. Mass fractions of CO and CO2 showed similar 
contour with temperature. This phenomenon corresponded with the 
characteristics of exothermic combustion reactions of gas volatiles. 
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Chapter 8: Conclusions and future work 
8.1 Overview of work done 
Pyrolysis and combustion processes of combustible materials under 
autoignition conditions were investigated in this study. Fire behaviors of four 
types of combustible materials, including wood, non-charring, charring and 
intumescent polymers, were investigated both experimentally and numerically. 
This study was divided into three parts: 
 
(1) Experimental study on fire behaviors of wood under autoignition 
conditions in a cone calorimeter. Fire behaviors such as ignition time, ignition 
temperature, mass loss rate, gas release rate and gas yields of six species of 
commonly used wood in buildings were investigated. Influences of external 
heat flux, sample thickness, moisture on ignition time, ignition temperature, 
CO release rate and CO yield were analyzed. Empirical models were 
developed to predict autoignition time, average mass loss rate, time at 50% 
mass loss and CO yield of wood with various moisture contents and 
thicknesses under autoignition conditions. 
 
(2) Experimental investigation of six species of polymers under 
autoignition conditions in the cone calorimeter. Fire behaviors such as ignition 
time, heat release rate, effective heat of combustion, mass loss rate, gas release 
rate and gas yields of polymers were investigated. Influences of heat flux on 
ignition time, mass loss rate, CO and CO2 yields were analyzed. Effective heat 
of combustion of polymers were compared under piloted ignition and 
autoignition conditions. Influences of combustion conditions on gas yields 
were also analyzed. An empirical model was developed to predict thermal 
thickness of polymers under external heat flux. 
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(3) Development of a new mathematical model, FiresCone, to simulate 
pyrolysis and combustion processes of four types of combustible materials 
under external heat flux. FiresCone has considered as many fire processes as 
possible to improve the modeling accuracy and expand its application. 
FiresCone considered both solid and gas phases. In the solid phase, a 
one-dimensional domain was considered to simulate pyrolysis processes 
within combustible materials. Fire processes such as water evaporation, 
volume change, liquids and gases transportation, and in-depth radiation were 
considered. In the gas phase, two-dimensional Navier-Stokes equations were 
adopted to simulate combustion processes of gas volatiles. FiresCone was 
validated by experimental results from the first two parts of this study. 
8.2 Conclusions and recommendations 
8.2.1 Wood under autoignition conditions 
Six species of wood samples, namely pine, beech, cherry, oak, maple, and ash, 
were investigated experimentally under autoignition conditions in a cone 
calorimeter. The following conclusions can be addressed: 
 
(1) No obvious trend of autoignition temperature was observed when 
moisture content increased from 0 to 0.11. This is different from piloted 
ignition temperature which increases with a higher moisture content. It was 
also known that autoignition temperature decreased under a higher heat flux, 
and influence of sample thickness on autoignition temperature was 
insignificant. 
 
(2) It was known that sample thickness had little effect on peak CO 
release rate, but time to peak CO release rate was postponed for sample with a 
higher thickness. Peak CO release rate was observed to decrease under a 
higher heat flux, but the decrease was not obvious when heat flux increased 
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from 50 to 75 kW/m2. Experimental results showed that a sharp decrease of 
CO release rate appeared shortly after ignition and a second peak was near the 
end of experiment. This may be because flame accelerate oxidation reaction of 
CO, leading to decrease of CO and O2 and an increase of CO2. 
 
(3) Experiment results indicated that moisture had influences on CO 
release rate. Time to peak CO release rate was observed to be postponed under 
the effect of moisture. And CO release rate was found to decrease for sample 
with a higher moisture content. This is because temperature rises slower as 
heat capacity of moisture is higher than that of virginal wood. Pyrolysis 
reactions of chemical components such as cellulose, hemicelluloses and lignin, 
are then postponed, resulting in a delay or decrease of CO release rate. 
 
(4) It was obtained that autoignition time increased for wood sample with 
a higher moisture content. Autoignition time of wood samples dependent on 
moisture content can be obtained by: 
0.73








(5) Based on experimental results, it was known that moisture had limited 
influence on average mass loss rate and time at 50% mass loss when moisture 
content was lower than 0.11. Average mass loss rate and time at 50% mass loss 
can be gained, respectively: 
0.2 0.8 0.40.016 , 0 0.11aveMLR L q Xρ′′= ≤ ≤  
0.8 0.6








(6) It was known that average CO yield was inversely proportional to 
heat flux, thickness and density. Average CO yield of wood samples with 
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various moisture contents can be obtained by: 
6
2.5
1(2.6 6.9 ) 10 , 10 30COy X Lq Lρ
= − × ≤ ≤
′′  
8.2.2 Polymers under autoignition conditions 
Six species of polymers, including HDPE, PP, PMMA, ABS, PET and PC, 
were investigated under autoignition conditions in a cone calorimeter. The 
following conclusions can be addressed: 
 
(1) It was obtained from experimental results that autoignition time 
decreased significantly under a higher heat flux. Autoignition time of charring 
polymers was observed more sensitive to heat flux when compared to 
non-charring polymers. Autoignition time of polymers under 50 and 75 kW/m2 







t t non charring polymer





(2) An empirical model was developed to predict thermal thickness of 

















(3) It was known from experimental results that non-charring polymers 
had higher fire risk than charring polymers. Non-charring polymers showed 
high heat release rate, and heat release rate increased obviously with a higher 
sample thickness or under a higher heat flux. This is because burning of 
non-charring polymers performs like pool fire as melting happens at specific 
temperature. Char layer at the top of charring polymers can block heat 
penetration, resulting in small change of heat release rate. 
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(4) It was observed that ignition method had influence on combustion 
efficiency of non-charring polymers, but its influence on charring polymers 
was insignificant. For non-charring polymers, effective heat of combustion 
under autoignition conditions decreased about 1.6-29.3% when compared to 
those reference data under piloted ignition conditions. For both non-charring 
and charring polymers, it was observed that CO yields under autoignition 
conditions increased at least 40% than those reference data under piloted 
ignition conditions. 
 
(5) Experimental results indicated that CO yields of tested polymers 
except HDPE increased about 1.5-30 times when non-flaming combustion 
transitioned to flaming combustion, and CO yields of all tested polymers 
increased about 40-170 times. Charring polymers seemed to have a higher CO 
yield, while non-charring polymers had a higher CO2 yield. The CO yield of 
tested non-charring polymers was observed to increase under a higher heat 
flux, but trend for charring polymers was not clear. 
 
(6) Mass percent of carbon in polymers was found insignificant on CO 
and CO2 yields. The CO and CO2 yields may be strongly dependent on 
material itself. Sequences of CO yield, CO2 yield and mass percent of carbon 







C HDPE PP ABS PC PET PMMA
y ABS PC PP PET HDPE PMMA
y PMMA ABS PP HDPE PC PET
= > > > >
 > > > > >
 > > > > >
 
8.2.3 Mathematical model of FiresCone 
8.2.3.1 Sensitivity analysis of FiresCone 
A new mathematical model, FiresCone, was developed to simulate fire 
behaviors of combustible materials under external heat flux. Sensitivity 
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analysis of FiresCone was taken. The following conclusions can be addressed: 
 
(1) From sensitivity analysis, an equal or less than 0.1 mm grid spacing 
was suggested in the numerical modeling of solid phase, and grid spacing of 4 
mm was suggested for gas phase. It was also obtained that time step had 
limited influence on modeling results. This is because fully implicit method is 
used for discretization. 
 
(2) It was indicated that surface temperature and mass loss rate were 
much lower for sample with a higher heat of pyrolysis, specific heat capacity, 
density, or char yield. However, heat transfer coefficient, water permeability, 
diffusion coefficient of water and surface emissivity were obtained 
insignificant to surface temperature and mass loss rate. 
 
(3) It was obtained that pre-exponential factor and activation energy were 
two key parameters. Influence of pre-exponential factor on surface 
temperature was not obvious at the beginning. For sample with the highest 
pre-exponential factor, it showed the lowest surface temperature as modeling 
went on. Later on, its surface temperature increased much significantly than 
the others. However, its mass loss rate were always higher than the others. 
Influence of activation energy on surface temperature and mass loss rate was 
in an opposite way. 
 
(4) It was observed that surface temperature increased much significantly 
at the beginning for sample with a lower thermal conductivity. As modeling 
went on, its surface temperature then increased much slower than the others. 
Influence of thermal conductivity on mass loss rate was in a similar way. 
 
(5) For sample with a higher moisture content, surface temperature 
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increased slower at the beginning as heat capacity of moisture is higher than 
virgin wood. As modeling went on, surface temperature increased much faster 
as heat for unit mass increased. Mass loss rate always showed higher values 
for sample with a higher moisture content. 
8.2.3.2 Validation and application of FiresCone 
The new mathematical model, FiresCone, was used to simulate pyrolysis and 
combustion processes of four types of combustible materials, including wood, 
non-charring, charring and intumescent polymers. The following conclusions 
can be addressed: 
 
(1) FiresCone was validated by experimental results from the first two 
parts of this study. It was known that predictions of mass loss rate agreed well 
with experiments for four types of combustible materials with different 
thicknesses under various heat fluxes. It was observed from both modeling and 
experiments that peak mass loss rate of wood, non-charring and charring 
polymers happened at the end of experiments, but for intumescent polymers 
they showed at the beginning. 
 
(2) Modeling results of PMMA showed several differences with other 
three types of combustible materials. These modeling results obeyed well with 
their characteristics. Firstly, bottom temperature of PMMA increased much 
faster than the others. This was consistent with the characteristics that for 
PMMA external heat can be transferred to bottom not only by thermal 
conduction but also by in-depth radiation. Secondly, temperatures inside 
PMMA sample decreased after burning out, but temperatures inside other 
three types of materials kept at maximum near the end. This obeyed well with 
the characteristics that PMMA leaved no char. Thirdly, temperatures inside 
PMMA slab were much lower, and heat flux was observed to have limited 
influence on maximum temperature inside PMMA. This corresponded with 
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characteristics that PMMA is a transparent material with low absorption 
coefficient. 
 
(3) According to modeling results, three high temperature areas in gas 
phase were observed. The first two areas were near cone heaters. Gas 
temperature near the cone heaters increased because of thermal conduction 
and convection. The last area was above sample surface. Gas volatiles 
underwent combustion processes when they were released from solid phase 
through sample surface. High temperature area above sample surface were 
then showed because of the heat released from exothermic combustion 
reactions of gas volatiles. 
 
(4) It was observed from modeling results that mass fractions of O2 in 
most areas except area above sample surface were at ambient value. This was 
consistent with the structure of computational domain that fresh air can enter 
from both bottom corners. Mass fractions of CO and CO2 showed similar 
contour with temperature. This phenomenon corresponded with the 
characteristics of exothermic combustion reactions of gas volatiles. 
8.3 Major contributions 
8.3.1 Theoretical contributions 
Four types of combustible materials were investigated under autoignition 
conditions in a cone calorimeter. Several theoretical contributions have been 
made: (i) Relationships between fire behaviors (such as autoignition time, 
average mass loss rate, time at 50% mass loss, CO yield) and known variables 
(such as heat flux, density, moisture content, sample thickness) were identified 
for wood slabs under autoignition conditions. It filled gaps of research on 
autoignition; (ii) Relationships between autoignition time under 50 and 75 
kW/m2 heat flux were identified for both non-charring and charring polymers. 
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This is significant not only to fire risk evaluation of polymers, but also to 
performance-based design of buildings; (iii) An empirical model was 
developed to predict thermal thickness of polymers under autoignition 
conditions. This empirical model simplified the prediction of thermal 
thickness of polymers by using known variables; and (iv) This study also 
corrected the misunderstanding that CO and CO2 yields of polymers are 
dependent on mass percent of carbon. 
8.3.2 Practical contributions 
A new mathematical model, FiresCone, was developed to simulate pyrolysis 
and combustion processes of combustible materials under external heat flux. 
FiresCone has considered as many fire processes as possible to improve the 
modeling accuracy and expand its application. It was validated by 
experimental results from cone calorimeter. FiresCone is capable of simulating 
fire behaviors of combustible materials in both solid and gas phases. The 
generality of FiresCone allows fire professionals and material formulators to 
simulate pyrolysis and combustion processes of four types of combustible 
materials, including wood, non-charring, charring and intumescent polymers. 
Considerations of water evaporation, transportation processes of liquids and 
gases, volume change and in-depth radiation expands application fields of 
FiresCone and makes the simulation possible under complicated conditions. 
FiresCone provides not only a practical tool for fire risk evaluation of 
combustible materials, but also fundamental supports to full-scale fire 
modeling. 
8.4 Limitation and future work 
Gas flow is usually considered as incompressible flow when Mach number is 
lower than 0.3, namely when gas velocity is less than 102 m/s. Gas phase can 
be considered as compressible flow in future work. FiresCone does not intend 
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to simulate flame structure in this study, which may be conducted in future 
work. Consideration of turbulence models in future work will make the 
simulation of flame structure possible, also could break the limitation of grid 
spacing. 
 
To simulate carbon monoxide accurately, thermal properties described 
transportation of liquids and gases, pyrolysis reactions of char, and 
combustion reactions of gas volatiles must be investigated in future work. 
FiresCone is able to simulate carbon monoxide accurately when these thermal 
properties are available. Experiments on failure processes of combustible 
materials are not taken in this study because of the limitation of experimental 
conditions, which may be taken in future work. 
 
Modeling results for polymers under smoldering combustion did not fit well 
with experiments. This may be improved when kinetics properties related to 







[1] Popescu CM, Singurel G, Popescu MC, Vasile C, Argyropoulos DS, 
Willfor S. Vibrational spectroscopy and X-ray diffraction methods to 
establish the differences between hardwood and softwood. 
Carbohydrate Polymers 2009;77: 851-857.  
[2] Janssens M, Douglas B. Wood and wood products. In: Handbook of 
building materials for fire protection, New York: McGraw-Hill; 2004, 
p. 7.1-7.58. 
[3] Di Blasi C. Transition between regimes in the degradation of 
thermoplastic polymers. Polymer Degradation and Stability 1999;64: 
359-367.  
[4] Sullivan RM, Salamon NJ. A finite element method for the 
thermochemical decomposition of polymeric materials - II. carbon 
phenolic composites. International Journal of Engineering Science 
1992;30: 939-951.  
[5] Stoliarov SI, Crowley S, Walters RN, Lyon RE. Prediction of the 
burning rates of charring polymers. Combustion and Flame 2010;157: 
2024-2034.  
[6] Di Blasi C. Modeling chemical and physical processes of wood and 
biomass pyrolysis. Progress in Energy and Combustion Science 
2008;34: 47-90.  
[7] Mouritz AP, Feih S, Kandare E, Mathys Z, Gibson AG, Des Jardin PE, 
et al. Review of fire structural modelling of polymer composites. 
Composites: Part A 2009;40: 1800-1814.  
[8] Stoliarov SI, Walters RN. Determination of the heats of gasification of 
polymers using differential scanning calorimetry. Polymer 
Degradation and Stability 2008;93: 422-427.  




burning rates of non-charring polymers. Combustion and Flame 
2009;156: 1068-1083.  
[10] Drysdale D. Ignition: The initiation of flaming combustion. In: An 
introduction to fire dynamics (Third Edition), Wiley; 2011, p. 225-275. 
[11] Babrauskas V. Ignition handbook: principles and applications to fire 
safety engineering, fire investigation, risk management and forensic 
science. Issaquah: Fire Science Publishers; 2003. 
[12] Delichatsios MA, Panagiotou TH, Kiley F. The use of time to ignition 
data for characterizing the thermal inertia and the minimum (critical) 
heat flux for ignition or pyrolysis. Combustion and Flame 1991;84: 
323-332.  
[13] Melinek SJ. Ignition behaviour of heated wood surfaces. Fire Research 
Station; 1969: Fire Research Note 755. 
[14] Babrauskas V. Ignition of Wood: A Review of the State of the Art. 
Journal of Fire Protection Engineering 2002;12: 163-189.  
[15] Cain MW. An investigation into the ignitability characteristics of 
several common materials. Health and Safety Executive, UK; 1985: 
IR/L/FR/85/10. 
[16] Mindykowski P, Fuentes A, Consalvi JL,Porterie B. Piloted ignition of 
wildland fuels. Fire Safety Journal 2011;46: 34-40.  
[17] Luche J, Rogaume T, Richard F, Guillaume E. Characterization of 
thermal properties and analysis of combustion behavior of PMMA in a 
cone calorimeter. Fire Safety Journal 2011;46: 451-461.  
[18] McAllister S, Fernandez-Pello C, Urban D, Ruff G. Piloted ignition 
delay of PMMA in space exploration atmospheres. Proceedings of the 
Combustion Institute 2009;32: 2453-2459.  
[19] Rich D, Lautenberger C, Torero JL, Quintiere JG, Fernandez-Pello C. 
Mass flux of combustible solids at piloted ignition. Proceedings of the 




[20] Lyon RE, Quintiere JG. Criteria for piloted ignition of combustible 
solids. Combustion and Flame 2007;151: 551-559.  
[21] Delichatsios MA. Piloted ignition times, critical heat fluxes and mass 
loss rates at reduced oxygen atmospheres. Fire Safety Journal 2005;40: 
197-212.  
[22] Zhou YY, Walther DC, Fernandez-Pello AC. Numerical analysis of 
piloted ignition of polymeric materials. Combustion and Flame 
2002;131: 147-158.  
[23] Spearpoint MJ, Quintiere JG. Predicting the piloted ignition of wood in 
the cone calorimeter using an integral model-effect of species, grain 
orientation and heat flux. Fire Safety Journal 2001;36: 391-415.  
[24] Moghtaderi B, Novozhilov V, Fletcher DF. A new correlation for 
bench-scale piloted ignition data for wood. Fire Safety Journal 
1997;29: 41-59.  
[25] Di Blasi C. Numerical simulation of cellulose pyrolysis. Biomass and 
Bioenergy 1994;7: 87-98.  
[26] Di Blasi C. Kinetic and heat transfer control in the slow and flash 
pyrolysis of solids. Industrial and Engineering Chemistry Research 
1996;35: 37-46.  
[27] Di Blasi C. Heat, momentum and mass transport through a shrinking 
biomass particle exposed to thermal radiation. Chemical Engineering 
Science 1996;51: 1121-1132.  
[28] Di Blasi C. Modeling intra- and extra-particle processes of wood fast 
pyrolysis. AIChE Journal 2002;48: 2386-2397.  
[29] Galgano A, Di Blasi C. Modeling the propagation of drying and 
decomposition fronts in wood. Combustion and Flame 2004;139: 
16-27.  
[30] Di Blasi C, Crescitelli S, Russo G, Cinque G. Numerical model of 




absorption of radiation. Combustion and Flame 1991;83: 333-344.  
[31] Di Blasi C. Modeling of solid- and gas-phase processes during thermal 
degradation of composite materials. Polymer Degradation and 
Stability 1996;54: 241-248.  
[32] Di Blasi C. Linear pyrolysis of cellulosic and plastic waste. Journal of 
Analytical and Applied Pyrolysis 1997;40-41: 463-479.  
[33] Di Blasi C, Branca C. Mathematical model for the nonsteady 
decomposition of intumescent coatings. AIChE Journal 2001;47: 
2359-2370.  
[34] Di Blasi C. Modeling the effects of high radiative heat fluxes on 
intumescent material decomposition. Journal of Analytical and Applied 
Pyrolysis 2004;71: 721-737.  
[35] Lautenberger C, Rein G, Fernandez-Pello C. The application of a 
genetic algorithm to estimate material properties for fire modeling 
from bench-scale fire test data. Fire Safety Journal 2006;41: 204-214.  
[36] Lautenberger C. A generalized pyrolysis model for combustible solids. 
PhD thesis. University of California, Berkeley; 2007. 
[37] Lautenberger C, Fernandez-Pello C. Generalized pyrolysis model for 
combustible solids. Fire Safety Journal 2009;44: 819-839.  
[38] Lautenberger C, Fernandez-Pello C. A model for the oxidative 
pyrolysis of wood. Combustion and Flame 2009;156: 1503-1513.  
[39] Stoliarov SI, Lyon RE. Thermo-Kinetic Model of Burning. Federal 
Aviation Administration; 2008: DOT/FAA/AR-TN08/17. 
[40] Stoliarov SI, Lyon RE. Thermo-Kinetic Model of Burning for 
Pyrolyzing Materials. In: The ninth International Symposium on Fire 
Safety Science; German; 2008. p. 38-50. 
[41] Hastaoglu MA, Berruti F. A gas-solid reaction model for flash wood 
pyrolysis. Fuel 1989;68: 1408-1415.  




the pyrolysis of large wood particles. Fuel 2000;79: 1637-1643.  
[43] Anderson CE, Wauters DK. A thermodynamic heat transfer model for 
intumescent systems. International Journal of Engineering Science 
1984;22: 881-889.  
[44] Bellais M, Davidsson KO, Liliedahl T, Sjostrom K, Pettersson JBC. 
Pyrolysis of large wood particles: a study of shrinkage importance in 
simulations. Fuel 2003;82: 1541-1548.  
[45] Sullivan RM, Salamon NJ. A finite element method for the 
thermochemical decomposition of polymeric materials - I. Theory. 
International Journal of Engineering Science 1992;30: 431-441.  
[46] Lede J. Reaction temperature of solid particles undergoing an 
endothermal volatilization: Application to the fast pyrolysis of biomass. 
Biomass and Bioenergy 1994;7: 49-60.  
[47] Hastaoglu MA, Hassam MS. Application of a general gas-solid 
reaction model to flash pyrolysis of wood in a circulating fluidized bed. 
Fuel 1994;74: 697-703.  
[48] Hagge MJ, Bryden KM. Modeling the impact of shrinkage on the 
pyrolysis of dry biomass. Chemical Engineering Science 2002;57: 
2811-2823.  
[49] Feih S, Mathys Z, Gibson AG, Mouritz AP. Modelling the compression 
strength of polymer laminates in fire. Composites: Part A 2007;38: 
2354-2365.  
[50] Gu P, Asaro RJ. Designing sandwich polymer matrix composite panels 
for structural integrity in fire. Composite Structures 2009;88: 461-467.  
[51] Luo CS, Lue J, DesJardin PE. Thermo-mechanical damage modeling 
of polymer matrix sandwich composites in fire. Composites: Part A 
2012;43: 814-821. 
[52] Henderson JB, Wiecek TE. A mathematical model to predict the 




Journal of Composite Materials 1987;21: 373-393.  
[53] Florio J, Henderson JB, Test FL, Hariharan R. A study of the effects of 
the assumption of local-thermal equilibrium on the overall  
thermally-induced response of a decomposing glass-filled polymer 
composite. International Journal of Heat and Mass Transfer 1991;34: 
135-147.  
[54] Bryden KM, Ragland KW, Rutland C. Modeling thermally thick 
pyrolysis of wood. Biomass and Bioenergy 2002;22: 41-53.  
[55] Staggs JEJ. A simple model of polymer pyrolysis including transport of 
volatiles. Fire Safety Journal 2000;34: 69-80.  
[56] Pitts WM. The global equivalence ratio concept and the formation 
mechanisms of carbon monoxide in enclosure fires. Progress in Energy 
and Combustion Science 1995;21: 197-237.  
[57] Chung YJ. Comparison of combustion properties of native wood 
species used for fire pots in Korea. Journal of Industrial and 
Engineering Chemistry 2010;16: 15-19.  
[58] He F, Behrendt F. A new method for simulating the combustion of a 
large biomass particle - A combination of a volume reaction model and 
front reaction approximation. Combustion and Flame 2011;158: 
2500-2511.  
[59] Haseli Y, Van Oijen JA, De Goey LPH. A detailed one-dimensional 
model of combustion of a woody biomass particle. Bioresource 
Technology 2011;102: 9772-9782.  
[60] Floyd JE, McGrattan KB. Extending the mixture fraction concept to 
address under-ventilated fire. Fire Safety Journal 2009;44: 291-300.  
[61] Weng WG, Hasemi Y, Fan WC. Predicting the pyrolysis of wood 
considering char oxidation under different ambient oxygen 
concentrations. Combustion and Flame 2006;145: 723-729.  




reaction of carbon and lignite char with ignition and extinction 
phenomena: Shrinking sphere model. International Journal of 
Chemical Kinetics 2007;39: 307-319.  
[63] He F, Zobel N, Zha WJ, Behrendt F. Effects of physical properties on 
one-dimensional downward smoldering of char: Numerical analysis. 
Biomass and Bioenergy 2009;33: 1019-1029.  
[64] Shi L, Chew MYL. Experimental study of carbon monoxide for woods 
under spontaneous ignition condition. Fuel 2012;102: 709-715.  
[65] Grotkjær T, Dam-Johansen K, Jensen AD, Glarborg P. An experimental 
study of biomass ignition. Fuel 2003;82: 825-833.  
[66] Nunn TR, Howard JB, Longwell JP, Peters WA. Product compositions 
and kinetics in the rapid pyrolysis of sweet gum hardwood. Industrial 
and Engineering Chemistry Process Design and Development 1985;24: 
836-844.  
[67] Thurner F, Mann U. Kinetic investigation of wood pyrolysis. Industrial 
and Engineering Chemistry Process Design and Development 1981;20: 
482-488.  
[68] Chan WCR, Kelbon M, Krieger BB. Modelling and experimental 
verification of physical and chemical processes during pyrolysis of a 
large biomass particle. Fuel 1985;64: 1505-1513.  
[69] Font R, Marcilla A, Verdu E, Devesa J. Kinetics of the pyrolysis of 
almond shells and almond shells impregnated with cobalt dichloride in 
a fluidized bed reactor and in a pyroprobe 100. Industrial and 
Engineering Chemistry Research 1990;29: 1846-1855.  
[70] Samolada MC, Vasalos IA. A kinetic approach to the flash pyrolysis of 
biomass in a fluidized bed reactor. Fuel 1991;70: 883-889.  
[71] Tinney ER. The combustion of wooden dowels in heated air. 
Symposium (International) on Combustion 1965;10: 925-930.  




Flame 1972;18: 185-195.  
[73] Perre P. Measurements of softwoods' permeability to air: Importance 
upon the drying model. International Communications in Heat and 
Mass Transfer 1987;14: 519-529.  
[74] Aerts PDJ, Rageland KW. Pressurized downdraft combustion of 
woodchips. In: Twenty-Third Symposium (International) on 
Combustion; Pittsburgh, USA; 1990. p. 1025-1032. 
[75] McManus HLN, Springer GS. High temperature thermomechanical 
behavior of carbon-phenolic and carbon-carbon composites, I. Analysis. 
Journal of Composite Materials 1992;26: 206-229.  
[76] Quintiere JG. A semi-quantitative model for the burning rate of solid 
materials. National Institute of Standard Technology (NIST); 1992: 
NISTIR 4840. 
[77] Staggs JEJ. A discussin of modelling idealised ablative materials with 
particular reference to fire testing. Fire Safety Journal 1996;28: 47-66.  
[78] Moghtaderi B, Novozhilov V, Fletcher D, Kent JH. An integral model 
for the transient pyrolysis of solid materials. Fire and Materials 
1997;21: 7-16.  
[79] Spearpoint MJ. Predicting the ignition and burning rate of wood in the 
cone calorimeter using an integral model. Master thesis. University of 
Maryland, College Park; 1999. 
[80] Babu BV, Chaurasia AS. Modeling for pyrolysis of solid particle: 
kinetics and heat transfer effects. Energy Conversion and Management 
2003;44: 2251-2275.  
[81] Gibson AG, Wright PNH, Wu YS. The integrity of polymer composites 
during and after fire. Journal of Composite Materials 2004;38: 
1283-1307.  
[82] Gu P, Asaro RJ. Structural buckling of polymer matrix composites due 





[83] Feih S, Mouritz AP, Mathys Z, Gibson AG. Tensile strength modeling 
of glass fiber-polymer composites in fire. Journal of Composite 
Materials 2007;41: 2387-2410.  
[84] Alves SS, Figueiredo JL. A model for pyrolysis of wet wood. Chemical 
Engineering Science 1989;44: 2861-2869.  
[85] Parker WJ. Prediction of the heat release rate of wood. In: The first 
International Symposium on Fire Safety Science; MA, USA; 1986. p. 
207-216. 
[86] White RH, Schaffer EL. Application of CMA program to wood 
charring. Fire Technology 1978;14: 279-290.  
[87] Fan LT, Fan LS, Miyanami K, Chen TY, Walawender WP. A 
mathematical model for pyrolysis of a solid particle. The Canadian 
Journal of Chemical Engineering 1977;55: 47-53.  
[88] Kansa EJ, Perlee HE, Chaiken RF. Mathematical model of wood 
pyrolysis including internal forced convection. Combustion and Flame 
1977;29: 311-324.  
[89] Park WC, Atreya A, Baum HR. Experimental and theoretical 
investigation of heat and mass transfer processes during wood 
pyrolysis. Combustion and Flame 2010;157: 481-494.  
[90] Mohan D, Pittman CU, Steele PH. Pyrolysis of Wood/Biomass for 
Bio-oil: A Critical Review. Energy & Fuels 2006;20: 848-889.  
[91] Varhegyi G, Antal MJ, Szekely T, Szabo P. Kinetics of the thermal 
decomposition of cellulose, hemicellulose, and sugarcane bagasse. 
Energy & Fuels 1989;3: 329-335.  
[92] Capart R, Khezami L, Burnham AK. Assessment of various kinetic 
models for the pyrolysis of a microgranular cellulose. Thermochimica 
Acta 2004;417: 79-89.  




degradation of polymers: Lignin. Journal of Applied Polymer Science 
1981;26: 1533-1553.  
[94] Kilzer FJ, Broido A. Speculation on the nature of cellulose pyrolysis. 
Pyrodynamics 1965;2: 151-163.  
[95] Tihay V, Boulnois C, Gillard P. Influence of oxygen concentration on 
the kinetics of cellulose wadding degradation. Thermochimica Acta 
2011;525: 16-24.  
[96] Martin-Gullon I, Esperanza M, Font R. Kinetic model for the pyrolysis 
and combustion of poly-(ethylene terephthalate) (PET). Journal of 
Analytical and Applied Pyrolysis 2001;58-59: 635-650.  
[97] Shi L, Chew MYL, Xie QY, Zhang RF, Li LM, Xu CM. Experimental 
study on fire characteristics of PC monitors - Part I: combustion 
properties and pyrolysis characteristics. Journal of Applied Fire 
Science 2010;19: 23-39.  
[98] Ragland KW, Aerts DJ. Properties of wood for combustion analysis. 
Bioresource Technology 1991;37: 161-168.  
[99] Wang HY. Prediction of soot and carbon monoxide production in a 
ventilated tunnel fire by using a computer simulation. Fire Safety 
Journal 2009;44: 394-406.  
[100] Saastamoinen JJ, Kilpinen PT, Norstrom TN. New simplified rate 
equation for gas-phase CO oxidation at combustion. Energy & Fuels 
2000;14: 1156-1160.  
[101] Li K, You CF. Particle combustion model simultaneously considering a 
volatile and carbon reaction. Energy & Fuels 2010;24: 4178-4184.  
[102] Gomez-Barea A, Leckner B. Modeling of biomass gasification in 
fluidized bed. Progress in Energy and Combustion Science 2010;36: 
444-509.  
[103] Eslami A, Sohi AH, Sheikhi A, Sotudeh-Gharebagh R. Sequential 




Energy & Fuels 2012;26: 5199-5209.  
[104] Srinivasan RA, Sriramulu S, Kulasekaran S, Agarwal PK. 
Mathematical modeling of fluidized bed combustion - 2: combustion of 
gases. Fuel 1998;77: 1022-1049.  
[105] Ravelli S, Perdichizzi A, Barigozzi G. Description, applications and 
numerical modelling of bubbling fluidized bed combustion in 
waste-to-energy plants. Progress in Energy and Combustion Science 
2008;34: 224-253.  
[106] Williams A, Pourkashanian M, Jones JM. Combustion of pulverised 
coal and biomass. Progress in Energy and Combustion Science 
2001;27: 587-610.  
[107] Hannes JP. Mathematical modeling of circulating fluidized bed 
combustion. PhD thesis. Bibliotheek Technische Universiteit; 1996. 
[108] Williams FA. Progress in knowledge of flamelet structure and 
extinction. Progress in Energy and Combustion Science 2000;26: 
657-682.  
[109] Pitsch H, Chen M, Peters N. Unsteady flamelet modeling of turbulent 
hydrogen-air diffusion flames. Symposium (International) on 
Combustion 1998;27: 1057-1064.  
[110] Jones JM, Patterson PM, Pourkashanian M, Rowlands L, Williams A. 
An advanced coal model to predict NOx formation and carbon burnout 
in pulverised coal flames. In: The 14th Annual International Pittsburgh 
Coal Conference; Taiyuan, China; 1997. 
[111] Galgano A, Di Blasi C, Milella E. Sensitivity analysis of a predictive 
model for the fire behaviour of a sandwich panel. Polymer 
Degradation and Stability 2010;95: 2430-2444.  
[112] Ratte J, Marias F, Vaxelaire J, Bernada P. Mathematical modelling of 
slow pyrolysis of a particle of treated wood waste. Journal of 




[113] Vijeu R, Gerun L, Tazerout M, Castelain C, Bellettre J. Dimensional 
modelling of wood pyrolysis using a nodal approach. Fuel 2008;87: 
3292-3303.  
[114] Wang YF, Yang LZ, Zhou XD, Dai JK, Zhou YP, Deng ZH. 
Experiment study of the altitude effects on spontaneous ignition 
characteristics of wood. Fuel 2010;89: 1029-1034.  
[115] Henderson JB, Wiecek TE. A numerical study of the thermally-induced 
response of decomposing, expanding polymer composites. Warme- und 
Stoffubertragung 1988;22: 275-284.  
[116] Theuns E, Merci B, Vierendeels J, et.al. Extension and evaluation of 
the integral model for transient pyrolysis of charring materials. Fire 
and Materials 2005;29: 195-212.  
[117] Yang YB, Phan AN, Ryu C, Sharifi V, Swithenbank J. Mathematical 
modelling of slow pyrolysis of segregated solid wastes in a packed-bed 
pyrolyser. Fuel 2007;86: 169-180.  
[118] Sadhukhan AK, Gupta P, Saha RK. Modelling and experimental 
studies on pyrolysis of biomass particles. Journal of Analytical and 
Applied Pyrolysis 2008;81: 183-192.  
[119] Larfeldt J, Leckner B, Melaaen MC. Modelling and Measurements of 
Drying and Pyrolysis of Large Wood Particles. In: Progress in 
Thermochemical Biomass Conversion, 2008, p. 1046-1060. 
[120] Klose W, Schinkel A. Measurement and modelling of the development 
of pore size distribution of wood during pyrolysis. Fuel Processing 
Technology 2002;77-78: 459-466.  
[121] Bruch C, Peters B, Nussbaumer T. Modelling wood combustion under 
fixed bed conditions. Fuel 2003;82: 729-738.  
[122] Tran HC, White RH. Burning rate of solid wood measured in a heat 
release rate calorimeter. Fire and Materials 1992;16: 197-206.  




characterization of a laminated solid-wood pine wall. Construction and 
Building Materials 2009;23: 3189-3195.  
[124] Anne Palin M, Petty JA. Permeability to water of the wood cell wall 
and its variation with temperature. Wood Science and Technology 
1983;17: 187-193.  
[125] Wang JM, Dai CY, Liu YX. Wood permeability. Journal of Forestry 
Research 1991;2: 91-97.  
[126] Pauly S. Permeability and diffusion data. In: Polymer Handbook 
(Fourth Edition), New York: John Wiley & Sons; 2003, p. 435-449. 
[127] Gronli MG. A theoretical and experimental study of the thermal 
degradation of biomass. PhD thesis. The Norwegian University of 
Science and Technology; 1996. 
[128] Sand U, Sandberg J, Larfeldt J, Fdhila RB. Numerical prediction of the 
transport and pyrolysis in the interior and surrounding of dry and wet 
wood log. Applied Energy 2008;85: 1208-1224.  
[129] MatWeb. Database of material properties; [Cited 2011]. Available 
from: www.matweb.com/. 
[130] Starzhenetskaya TA, Davydova NN. Investigation of the effect of 
moisture on polymer composites by the method of thermogravimetry. 
Journal of Engineering Physics and Thermophysics 1999;72: 106-108.  
[131] Peters B, Bruch C. A flexible and stable numerical method for 
simulating the thermal decomposition of wood particles. Chemosphere 
2001;42: 481-490.  
[132] Bahramian AR, Kokabi M, Famili MHN, Beheshty MH. Ablation and 
thermal degradation behaviour of a composite based on resol type 
phenolic resin: Process modeling and experimental. Polymer 2006;47: 
3661-3673.  
[133] Bourbigot S, Duquesne S, Leroy JM. Modeling of heat transfer of a 




of Fire Sciences 1999;17: 42-56.  
[134] Bhargava A, Griffin GJ, Green JCA. A Model of Heat Transfer Across 
an Epoxy Based Fire Retardant Layer Undergoing Sublimation, 
Intumescence and Degradation. Developments in Chemical 
Engineering and Mineral Processing 2000;8: 75-91.  
[135] Zhou Y, Fernandez-Pello AC. Numerical modeling of endothermic 
pyrolysis and ignition delay of composite materials exposed to an 
external radiant heat flux Proceedings of the Combustion Institute 
2000;28: 2769-2775.  
[136] Griffin GJ. The modeling of heat transfer across intumescent polymer 
coatings. Journal of Fire Sciences 2010;28: 249-277.  
[137] Buckmaster J, Anderson C, Nachman A. A model for intumescent 
paints. International Journal of Engineering Science 1986;24: 
263-276.  
[138] Shih YC, Cheung FB, Koo JH. Theoretical Modeling of Intumescent 
Fire-Retardant Materials. Journal of Fire Sciences 1998;16: 46-71.  
[139] Klason C, Kubat J, De Ruvo A. Radiometric investigations on thermal 
expansion and transitions in polymers. Rheologica Acta 1967;6: 
390-396.  
[140] Murthy NM, Rani Rao D. Effect of X-ray irradiation on the thermal 
expansion of polymers. Journal of Materials Science 1986;21: 
1206-1210.  
[141] Suleiman BM, Larfeldt J, Leckner B, Gustavsson M. Thermal 
conductivity and diffusivity of wood. Wood Science and Technology 
1999;33: 465-473.  
[142] De Souza Costa F, Sandberg D. Mathematical model of a smoldering 
log. Combustion and Flame 2004;139: 227-238.  
[143] McManus HLN, Springer GS. High temperature thermomechanical 




Journal of Composite Materials 1992;26: 230-255.  
[144] Feih S, Mathys Z, Gibson AG, Mouritz AP. Modelling the tension and 
compression strengths of polymer laminates in fire. Composites 
Science and Technology 2007;67: 551-564.  
[145] Elmughrabi AE, Robinson M, Gibson AG. Effect of stress on the fire 
reaction properties of polymer composite laminates. Polymer 
Degradation and Stability 2008;93: 1877-1883.  
[146] Cachim PB, Franssen JM. Comparison between the charring rate 
model and the conductive model of Eurocode 5. Fire and Materials 
2009;33: 129-143.  
[147] Panton RL, Rittmann JG. Pyrolysis of a slab of porous material. 
Symposium (International) on Combustion 1971;13: 881-891.  
[148] Yang J and Roy C. A new method for DTA measurement of enthalpy 
change during the pyrolysis of rubbers. Thermochimica Acta 1996;288: 
155-168.  
[149] Mitchell P. Methods of moisture content measurement in the lumber 
and furniture industries; [Cited 2011]. Available 
from: www.ces.ncsu.edu/. 
[150] Fire Testing Technology Limited. User's Guide for the Cone 
Calorimeter. Fire Testing Technology Limited, West Sussex, UK; 2001.  
[151] Kim JY, Lee JH, Kim SM. Estimating the fire behavior of wood 
flooring using a cone calorimeter. Journal of Thermal Analysis and 
Calorimetry 2012;110: 677-683. 
[152] Xu Q, Griffin GJ, Jiang Y, Preston C, Bicknell AD, Bradbury GP, et al. 
Study of burning behavior of small scale wood crib with cone 
calorimeter. Journal of Thermal Analysis and Calorimetry 2008;91: 
787-790.  
[153] Nie SB, Liu XL, Wu K, Dai GL, Hu Y. Intumescent flame retardation 




Thermal Analysis and Calorimetry 2013;111: 425-430. 
[154] Atreya A, Abu-Zaid M. Effect of environmental variables on piloted 
ignition. In: The third International Symposium on Fire Safety Science; 
University of Edinburgh, Scotland; 1991. p. 177-186. 
[155] Mikkola E, Wichman IS. On the thermal ignition of combustible 
materials. Fire and Materials 1989;14: 87-96.  
[156] Carslaw HS, Jaeger JC. Conduction of heat in solids. Oxford: The 
Clarendon Press; 1959. 
[157] Janssens M. Fundamental thermophysical characteristics of wood and 
their role in enclosure fire growth. PhD thesis. University of Gent; 
1991. 
[158] Harada T. Time to ignition, heat release rate and fire endurance time of 
wood in cone calorimeter test. Fire and Materials 2001;25: 161-167.  
[159] Babrauskas V. Ignition of wood: a review of the state of the art. In: The 
ninth Interflam; Edinburgh, Scotland; 2001. p. 71-88. 
[160] Babrauskas V, Parker WJ. Ignitability measurements with the Cone 
Calorimeter. Fire and Materials 1987;11: 31-43.  
[161] Wesson HR, Welker JR, Sliepcevich CM. The piloted ignition of wood 
by thermal radiation. Combustion and Flame 1971;16: 303-310.  
[162] Mehaffey J. Fire dynamics I: ignition and burning of solids, Lecture 
notes. Carleton University, Ottawa, Canada; 2002.  
[163] Simpson W, TenWolde A. Physical properties and moisture relations of 
wood. In: Wood handbook - wood as an engineering material, Madison: 
Forest Products Laboratory; 1999, p. 3.1-3.24. 
[164] The Engineering ToolBox. Solids - Specific heats; [Cited 2011]. 
Available from: www.engineeringtoolbox.com/. 
[165] VanderGheynst JS, Walker LP, Parlange JY. Energy transport in a 
high-solids aerobic degradation process: mathematical modeling and 




[166] Hrcka R. Variation of thermal properties of beech wood in the radial 
direction with moisture content and density. In: The 6th International 
Symposium Wood Structure and Properties; Zvolen, Slovakia; 2010. p. 
111-115. 
[167] Zahirovic S, Scharler R, Obernberger I. Advanced CFD modeling of 
pulverised biomass combustion. In: International Conference on 
Science in Thermal and Chemical Biomass Conversion; Victoria, 
Canada; 2004. p. 112-129. 
[168] Luo JW, Ying K, Bai J. Savitzky-Golay smoothing and differentiation 
filter for even number data. Signal Processing 2005;85: 1429-1434.  
[169] Staggs JEJ. Savitzky-Golay smoothing and numerical differentiation of 
cone calorimeter mass data. Fire Safety Journal 2005;40: 493-505.  
[170] Branca C, Di Blasi C. Global kinetics of wood char devolatilization 
and combustion. Energy & Fuels 2003;17: 1609-1615.  
[171] Mulholland G, Twilley W, Babrauskas V, Janssens M, Yusa S. The 
effect of oxygen concentration on CO and smoke produced by flames. 
In: The 3rd International Association for Fire Safety Science; 
University of Edinburgh, Scotland; 1991. p. 585-594. 
[172] Grotkjar T, Dam-Johansen K, Jensen AD, Glarborg P. An experimental 
study of biomass ignition. Fuel 2003;82: 825-833.  
[173] Huggett C. Estimation of the rate of heat release by means of oxygen 
consumption measurement. Fire and Materials 1980;4: 61-65.  
[174] Couhert C, Commandre JM, Salvador S. Is it possible to predict gas 
yields of any biomass after rapid pyrolysis at high temperature from its 
composition in cellulose, hemicellulose and lignin. Fuel 2009;88: 
408-417.  
[175] Moqbel S, Reinhart D, Chen RH. Factors influencing spontaneous 
combustion of solid waste. Waste Management 2010;30: 1600-1607.  




of ignition time versus moisture content for the litter of Mediterranean 
forest species, Supplement. Forest Ecology and Management 2006;234: 
S123.  
[177] Lee CJ, Diehl JR. Combustion of irradiated dry and wet oak. 
Combustion and Flame 1981;42: 123-138.  
[178] Saito M, Amagai K, Ogiwara G, Arai M. Combustion characteristics of 
waste material containing high moisture. Fuel 2001;80: 1201-1209.  
[179] Kaewluan S, Pipatmanomai S. Gasification of high moisture rubber 
woodchip with rubber waste in a bubbling fluidized bed. Fuel 
Processing Technology 2011;92: 671-677.  
[180] Houck JE, Tiegs PE. Residential wood combustion technology review. 
U.S. Environmental Protection Agency; 1998: EPA-600/R-98-174a. 
[181] Chung YJ, Spearpoint M. Combustion properties of native korean 
wood species. International Journal on Engineering 
Performance-Based Fire Codes 2007;9: 118-125.  
[182] Khalfi A, Trouve G, Delfosse L, Delobel R. Influence of Apparent 
Density during the Burning of Wood Waste Furniture. Journal of Fire 
Sciences 2004;22: 229-250.  
[183] Sidhu S, Kahandawala M, Chauvin A, Morgan A, Chalivendra S, 
Muddasani K, et al. Toxic air emissions from burning wood and 
agricultural plastics - a Cone Calorimeter study. University of Dayton 
Research Institute; 2005:  
[184] Lyon RE, Janssens ML. Flammability. In: Encyclopedia of Polymer 
Science and Technology, John Wiley & Sons, Inc.; 2005, p. 1-73. 
[185] ISO 5660-1. Reaction to fire tests - heat release, smoke production and 
mass loss rate - Part 1 Heat release rate (cone calorimeter method). 
2002:  
[186] Collier PCR, Whiting PN, Wade CA. Fire properties of wall and 




compliance documents. BRANZ Ltd, New Zealand; 2006: BRANZ 
Study Report SR 160. 
[187] Paul KT. Cone calorimeter: Initial experiences of calibration and use. 
Fire Safety Journal 1994;22: 67-87.  
[188] ISO 17554. International Standard - Fire Tests - Reaction to Fire - 
Mass loss measurement. 1998:  
[189] Spearpoint MJ, Quintiere JG. Predicting the burning of wood using an 
integral model. Combustion and Flame 2000;123: 308-324.  
[190] Linteris G, Gewuerz L, McGrattan K, Forney G. Modeling solid 
sample burning. In: The 8th International Symposium on Fire Safety 
Science; Beijing, China; 2005. p. 625-636. 
[191] Mouritz AP, Gibson AG. Fire reaction properties of composites. In: 
Fire properties of polymer composite materials, Springer; 2006, p. 
59-101. 
[192] Dusinberre GM. Heat transfer by finite difference methods. New York: 
Wiley; 1961. 
[193] Tewarson A. Generation of heat and chemical compounds in fires. In: 
SFPE Handbook of Fire Protection Engineering, Quincy: National Fire 
Protection Association; 2002, p. 3.82-3.161. 
[194] Schartel B, Bartholmai M, Knoll U. Some comments on the use of 
cone calorimeter data. Polymer Degradation and Stability 2005;88: 
540-547.  
[195] Schartel B, Hull TR. Development of fire-retarded materials - 
interpretation of cone calorimeter data. Fire and Materials 2007;31: 
327-354.  
[196] Walton WD, Thomas PH. Estimating temperatures in compartment 
fires. In: SFPE Handbook of Fire Protection Engineering, Quincy: 
National Fire Protection Association; 2002, p. 3.171-3.188. 




yields of burning cables in bench and large-scale experiments. Fire 
Safety Journal 2008;43: 140-150.  
[198] Kramer R and Blomqvist P. Fire behaviour of plastics for electrical 
applications. SP Technical Research Institute of Sweden; 2007: SP 
Report 2007:75. 
[199] Panagiotou J, Quintiere JG. Fire performance as a function of incident 
heat flux. In: The 5th Triennial International Fire & Cabin Safety 
Research Conference; New Jersey, USA; 2007. p. 1-11. 
[200] Scudamore MJ, Briggs PJ, Prager FH. Cone calorimetry - a review of 
tests carried out on plastics for the association of plastic manufacturers 
in Europe. Fire and Materials 1991;15: 65-84.  
[201] Shi L, Chew MYL, Xie QY, Zhang RF, Li LM, Xu CM. Experimental 
study on fire characteristics of PC monitors - Part II: full-scale study 
under different ventilation conditions. Journal of Applied Fire Science 
2010;19: 41-61.  
[202] Chow WK, Han SS. Studies on fire behaviour of video compact disc 
(VCD) materials with a cone calorimeter. Polymer Testing 2004;23: 
685-694.  
[203] Shi L, Chew MYL. A review of fire processes modeling of combustible 
materials under external heat flux. Fuel 2013;106: 30-50.  
[204] Zhang J and Delichatsios MA. Determination of the convective heat 
transfer coefficient in three-dimensiona inverse heat conduction 
problem. Fire Safety Journal 2009;44: 681-690.  
[205] Huang HI, Sarkanen KV, Johanson LN. Diffusion of dissolved oxygen 
in liquid-saturated Douglas fir sapwood. Wood Science and Technology 
1977;11: 225-236.  
[206] Gronli MG, Melaaen MC. Mathematical model for wood pyrolysis - 
comparison of experimental measurements with model predictions. 




[207] Di Blasi C. Combustion and gasification rates of lignocellulosic chars. 
Progress in Energy and Combustion Science 2009;35: 121-140.  
[208] Hakkarainen T. Post-flashover fires in light and heavy timber 
construction compartments. Journal of Fire Sciences 2002;20: 
133-175.  
[209] Tang RS and Etzion Y. Comparative studies on the water evaporation 
rate from a wetted surface and that from a free water surface. Building 
and Environment 2004;39: 77-86.  
[210] Masuda K, Takashima T and Y, Takayama. Emissivity of pure and sea 
waters for the model sea surface in the infrared window regions. 
Remote Sensing of Environment 1988;24: 313-329.  
[211] Suurkuusk J and I, Wadso. Design and testing of an improved precise 
drop calorimeter for the measurement of the heat capacity of small 
samples. The Journal of Chemical Thermodynamics 1974;6: 667-679.  
[212] Kestin J, Sokolov M and Wakeham WA. Viscosity of liquid water in 
the range -8 ℃  to 150 ℃ . Journal of Physical and Chemical 
Reference Data 1978;7: 941-948.  
[213] Ramires MLV, Nieto de Castro CA, Nagasaka Y, Nagashima A, Assael 
MJ, Wakeham WA. Standard reference data for the thermal 
conductivity of water. Journal of Physical and Chemical Reference 
Data 1995;24: 1377-1381.  
[214] Schmal D, Duyzer JH and JW, van Heuven. A model for the 
spontaneous heating of coal. Fuel 1985;64: 963-972.  
[215] Sinha PK and Wang CY. Pore-network modeling of liquid water 
transport in gas diffusion layer of a polymer electrolyte fuel cell. 
Electrochimica Acta 2007;52: 7936-7945.  
[216] Li J and Stoliarov SI. Measurement of kinetics and thermodynamics of 
the thermal degradation for non-charring polymers. Combustion and 




[217] Chew MYL, Shi L. Behaviors of Materials at Elevated Temperatures. 
In: Fire Protection - For Building Professionals, Singapore: NUS 
Internal Electronic Module Coursework; 2011.  
[218] Jiang FH, Ris JLD, Khan MM. Absorption of thermal energy in 
PMMA by in-depth radiation. Fire Safety Journal 2009;44: 106-112.  
[219] Wu CH, Chang CY, Hor JL, et al. On the thermal treatment of plastic 
mixtures of MSW: Pyrolysis kinetics. Waste Management 1993;13: 
221-235.  
[220] Lyon RE, Janssens ML. Polymer flammability. Federal Aviation 
Administration; 2005: DOT/FAA/AR-05/14. 
[221] Wagenaar BM, Prins W, Van Swaaij WPM. Flash pyrolysis kinetics of 
pine wood. Fuel Processing Technology 1993;36: 291-298.  
[222] Liu NA, Fan WC. Modelling the thermal decompositions of wood and 
leaves under a nitrogen atmosphere. Fire and Materials 1998;22: 
103-108.  
[223] Swann J, Hartman J, Beyler C. Study of Radiant Smoldering Ignition 
of Plywood Subjected to Prolonged Heating using the Cone 
Calorimeter, TGA, and DSC. In: The ninth International Symposium 
on Fire Safety Science; German; 2008. p. 98-102. 
[224] Kang BS, Kim SG, Kim JS. Thermal degradation of poly(methyl 
methacrylate) polymers: Kinetics and recovery of monomers using a 
fluidized bed reactor. Journal of Analytical and Applied Pyrolysis 
2008;81: 7-13.  
[225] Bockhorn H, Hornung A, Hornung U, Lochner S. Pyrolysis of 
polystyrene as the initial step in incineration, fires, or smoldering of 
plastics: Investigations of the liquid phase. Proceedings of the 
Combustion Institute 2000;28: 2667-2673.  
[226] Carniti P, Beltrame PL, Armada M, Gervasini A, Audisio G. 




products. Industrial and Engineering Chemistry Research 1991;30: 
1624-1629.  
[227] Liu YR, Guo SH, Qian JL. Study on the decomposition kinetics of 
polystyrene by using sequential pyrolysis gas chromatograph. 
Petroleum Science and Technology 1999;17: 1089-1105.  
[228] Westerhout RWJ, Waanders J, Kuipers JAM, Van Swaaij WPM. 
Kinetics of the Low-Temperature Pyrolysis of Polyethene, Polypropene, 
and Polystyrene Modeling, Experimental Determination, and 
Comparison with Literature Models and Data. Industrial and 
Engineering Chemistry Research 1997;36: 1955-1964.  
[229] Ciutacu S, Fatu D, Segal E. On the thermal stability of some 
macromolecular compounds. Thermochimica Acta 1988;131: 279-284.  
[230] Kannan P, Biernacki JJ, Visco DP. A review of physical and kinetic 
models of thermal degradatin of expanded polystyrene foam and their 
application to the lost foam casting process. Journal of Analytical and 
Applied Pyrolysis 2007;78: 162-171.  
[231] Grammelis P, Basinas P, Malliopoulou A, Sakellaropoulos G. Pyrolysis 
kinetics and combustion characteristics of waste recovered fuels. Fuel 
2009;88: 195-205.  
[232] Simon P. Kinetics of polymer degradation involving the splitting off of 
small molecules: Part 7 - thermooxidative dehydrochlorination of PVC. 
Polymer Degradation and Stability 1992;36: 85-89.  
[233] Bockhorn H, Hornung A, Hornung U. Mechanisms and kinetics of 
thermal decomposition of plastics from isothermal and dynamic 
measures. Journal of Analytical and Applied Pyrolysis 1999;50: 
77-101.  
[234] Hadvig S, Paulsen O. One dimensional charring rates in wood. Journal 
of Fire and Flammability 1976;7: 433-449.  




In: The first International Symposium on Fire Safety Science; MA, 
USA; 1986. p. 391-400. 
[236] Capart R, Falk L, Gelus M. Pyrolysis of wood macrocylinders under 
pressure: Application of a simple mathematical model. Applied Energy 
1988;30: 1-13.  
[237] Koufopanos CA, Papayannakos N, Maschio G, Lucchesi A. Modelling 
of the pyrolysis of biomass particles: studies on kinetics, thermal and 
heat transfer effects. The Canadian Journal of Chemical Engineering 
1991;69: 907-915.  
[238] Fredlund B. Modelling of heat and mass transfer in wood structures 
during fire. Fire Safety Journal 1993;20: 39-69.  
[239] Shrestha D, Cramer S, White R,. Time-temperature profile across a 
lumber section exposed to pyrolytic temperatures. Fire and Materials 
1994;18: 211-220.  
[240] Wagenaar BM, Prins W, Van Swaaij WPM. Pyrolysis of biomass in the 
rotating cone reactor: modelling and experimental justification. 
Chemical Engineering Science 1994;49: 5109-5126.  
[241] Saastamoinen J, Richard JR. Simultaneous drying and pyrolysis of 
solid fuel particles. Combustion and Flame 1996;106: 288-300.  
[242] Ahuja P, Kumar S, Singh PC. A model for primary and heterogeneous 
secondary reactions of wood pyrolysis. Chemical Engineering and 
Technology 1996;19: 272-282.  
[243] Bilbao R, Mastral JF, Ceamanos J, Aldea ME. Modelling of the 
pyrolysis of wet wood. Journal of Analytical and Applied Pyrolysis 
1996;36: 81-97.  
[244] Moghtaderi B, Dlugogorski BZ, Kennedy EM, Fletcher DF. Effects of 
the structural properties of solid fuels on their re-ignition 
characteristics. Fire and Materials 1998;22: 155-165.  




process in pyrolizing char materials. Fire and Materials 1999;23: 
71-78.  
[246] Janse AMC, Westerhout RWJ, Prins W. Modelling of flash pyrolysis of 
a single wood particle. Chemical Engineering and Processing 2000;39: 
239-252.  
[247] Peters B, Bruch C. Drying and pyrolysis of wood particles: 
experiments and simulation. Journal of Analytical and Applied 
Pyrolysis 2003;70: 233-250.  
[248] Mousques P, Dirion JL, Grouset D. Modeling of solid particles 
pyrolysis. Journal of Analytical and Applied Pyrolysis 2001;58-59: 
733-745.  
[249] Babu BV, Chaurasia AS. Modeling, simulation and estimation of 
optimum parameters in pyrolysis of biomass. Energy Conversion and 
Management 2003;44: 2135-2158.  
[250] Babu BV, Chaurasia AS. Pyrolysis of biomass: improved models for 
simultaneous kinetics and transport of heat, mass and momentum. 
Energy Conversion and Management 2004;45: 1297-1327.  
[251] Babu BV, Chaurasia AS. Heat transfer and kinetics in the pyrolysis of 
shrinking biomass particle. Chemical Engineering Science 2004;59: 
1999-2012.  
[252] Bellais M. Modelling of the pyrolysis of large wood particles. PhD 
thesis. Royal Institute of Technology; 2007. 
[253] Janssens ML. Modeling of the thermal degradation of structural wood 
members exposed to fire. Fire and Materials 2004;28: 199-207.  
[254] Theuns E, Merci B, Vierendeels J, et.al. Critical evaluation of an 
integral model for the pyrolysis of charring materials. Fire Safety 
Journal 2005;40: 121-140.  
[255] Shen DK, Fang MX, Luo ZY, Cen KF. Modeling pyrolysis of wet 




[256] Sadhukhan AK, Gupta P, Saha RK. Modelling of pyrolysis of large 
wood particles. Bioresource Technology 2009;100: 3134-3139.  
[257] Craft ST, Isgor B, Hadjisophocleous G, Mehaffey JR. Predicting the 
thermal response of gypsum board subjected to a constant heat flux. 
Fire and Materials 2008;32: 333-355.  
[258] Grieco E and Baldi G. Analysis and modelling of wood pyrolysis. 
Chemical Engineering Science 2011;66: 650-660.  
[259] Dufour A, Ouartassi B, Bounaceur R, Zoulalian A. Modelling 
intra-particle phenomena of biomass pyrolysis. Chemical Engineering 
Research and Design 2011;89: 2136-2146.  
[260] Shi L, Chew MYL. A model to predict carbon monoxide of woods 
under external heat flux - Part I: Theory. In: The 9th Asia-Oceania 
Symposium on Fire Science and Technology; Hefei, China; 2012.  
[261] Shi L, Chew MYL. A model to predict carbon monoxide of woods 
under external heat flux - Part II: Validation and application. In: The 
9th Asia-Oceania Symposium on Fire Science and Technology; Hefei, 
China; 2012.  
[262] Di Blasi C. Modeling and simulation of combustion processes of 
charring and non-charring solid fuels. Progress in Energy and 
Combustion Science 1993;19: 71-104.  
[263] Quintiere JG, Iqbal N. An approximater integral model for the burning 
rate of a thermoplastic-like material. Fire and Materials 1994;18: 
89-98.  
[264] Staggs JEJ. Modelling thermal degradation of polymers using 
single-step first-order kinetics. Fire Safety Journal 1999;32: 17-34.  
[265] Staggs JEJ. A simplified mathematical model for the pyrolysis of 
polymers with inert additives. Fire Safety Journal 1999;32: 221-240.  
[266] Esfahani JA, Kashani A. One-dimensional numerical model for 




Mass Transfer 2006;42: 569-576.  
[267] Rein G. From Pyrolysis Kinetics to Models of Condensed-Phase 
Burning. Recent advances in flame retardancy of polymeric materials 
2008;19: 56-65.  
[268] Bal N, Rein G. Numerical investigation of the ignition delay time of a 
translucent solid at high radiant heat fluxes. Combustion and Flame 
2011;158: 1109-1116.  
[269] Chaos M, Khan MM, Krishnamoorthy N, De Ris JL, Dorofeev SB. 
Evaluation of optimization schemes and determination of solid fuel 
properties for CFD fire models using bench-scale pyrolysis tests. 
Proceedings of the Combustion Institute 2011;33: 2599-2606.  
[270] Krysl P, Ramroth WT, Stewart LK, Asaro RJ. Finite element modelling 
of fibre reinforced polymer sandwich panels exposed to heat. 
International Journal for Numerical Methods in Engineering 2004;61: 
49-68.  
[271] Salvador S, Qunintard M, David C. Combustion of a substitution fuel 
made of cardboard and polyethylene: influence of the mix 
characteristics - modelling. Fire and Materials 2008;32: 417-444.  
[272] Anderson CE, Dziuk JJ, Mallow JWA. Intumescent Reaction 
Mechanisms. Journal of Fire Sciences 1985;3: 161-194.  
[273] Looyeh MRE, Bettess P, Gibson AG. A one-dimensional finite element 
simulation for the fire-performance of GRP panels for offshore 
structures. International Journal of Numerical Methods for Heat and 
Fluid Flow 1997;7: 609-625.  
[274] Dodds N, Gibson AG, Dewhurst D, Davies JM. Fire behaviour of 
composite laminates. Composites: Part A 2000;31: 689-702.  
[275] Staggs JEJ. Simple mathematical models of char-forming polymers. 
Polymer International 2000;49: 1147-1152.  




pyrolysis of char forming and filled polymers under thermally thick 
conditions. Fire and Materials 2000;24: 305-308.  
[277] Gibson AG, Wu YS, Evans JT. Laminate Theory Analysis of 
Composites under Load in Fire. Journal of Composite Materials 
2006;40: 639-658.  
[278] Trelles J, Lattimer BY. Modelling thermal degradation of composite 
materials. Fire and Materials 2007;31: 147-171.  
[279] Bai Y, Vallee T, Keller T. Modeling of thermal responses for FRP 
composites under elevated and high temperatures. Composites Science 
and Technology 2008;68: 47-56.  
[280] Bai Y, Keller T. Modeling of mechanical response of FRP composites 
in fire. Composites: Part A 2009;40: 731-738.  
[281] Farkas E, Meszena ZG, Toldy A, Matko S, Marosfoi BB, Marosi G. 
Modelling of transport processes in a developing char. Polymer 




Appendix A: A summary of kinetic data of different species of combustible materials 
-258- 
 
Appendix A: A summary of kinetic data of different types of combustible materials 
Material type Reference Material Experimental condition Temp. range (K) Kinetic constants 
Wood 
Samolada and vasalos [70] Fir wood Isothermal 673-773 41 2.40 10 exp( 94 / )g tk k RT+ = × −  




1 3.05 10 exp( 125 / )ck RT= × −  
99.28 10 exp( 149 / )tk RT= × −  
11
1 1.11 10 exp( 177 / )gk RT= × −  
101.4 10 exp( 150 / )k RT= × −  
Chan et al. [68] Pine - - 
7
1 1.08 10 exp( 121/ )ck RT= × −  
82 10 exp( 133/ )tk RT= × −  
8
1 1.3 10 exp( 140 / )gk RT= × −  





85.53 10 exp( 116.57 / )k RT= × −
241.99 10 exp( 290.53/ )k RT= × −
55.91 10 exp( 109.37 / )k RT= × −
212.30 10 exp( 320.37 / )k RT= × −  
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Material type Reference Material Experimental condition Temp. range (K) Kinetic constants 
Wood 





117.64 10 exp( 149.0 / )k RT= × −
181.44 10 exp( 215.21/ )k RT= × −
203.90 10 exp( 287.32 / )k RT= × −
487.42 10 exp( 645.17 / )k RT= × −  
Thurner and Mann [67] Oak sawdust Isothermal 573-673 
4
1 1.43 10 exp( 88.6 / )gk RT= × −  
64.13 10 exp( 112.7 / )tk RT= × −  
5
1 7.38 10 exp( 106.5 / )ck RT= × −  
6
1 1.73 10 exp( 106.5 / )g tk k RT+ = × −  
62.49 10 exp( 106.5 / )k RT= × −  
Di Blasi and Branca [6] Beech - 573-708 
10
1 1.5 10 exp( 149 / )g tk k RT+ = × −  
6
1 3.3 10 exp( 112 / )ck RT= × −  
9
1 4.4 10 exp( 153/ )gk RT= × −  
101.1 10 exp( 148 / )tk RT= × −  
Gorton and Knight [6] Hardwood Isothermal 677-822 61.483 10 exp( 89.52 / )k RT= × −  
Ward and Brashlaw [6] Wild cherry Isothermal 538-593 121.19 10 exp( 173.7 / )k RT= × −  
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Material type Reference Material Experimental condition Temp. range (K) Kinetic constants 
Wood 
Nunn et al. [66] Sweet gum Non-isothermal 600-1400 51 3.338 10 exp( 69 / )g tk k RT+ = × −  
Font et al. [6] Almond shell - 733-878 
3
1 2.98 10 exp( 73/ )ck RT= × −  
65.85 10 exp( 119 / )tk RT= × −  
7
1 1.52 10 exp( 139 / )gk RT= × −  
61.885 10 exp( 92.1/ )k RT= × −  




13(2.0 0.33) 10 exp[ (170 23) / ]k RT= ± × − ±
11(1.33 0.83) 10 exp[ (146 3) / ]k RT= ± × − ±  





82.54 10 exp( 118.73/ )k RT= × −
242.53 10 exp( 296.93/ )k RT= × −
148.13 10 exp( 226.56 / )k RT= × −
514.41 10 exp( 711.36 / )k RT= × −  
Non-charring 
polymer 
Stoliarov et al. [9] PMMA TGA - 128.5 10 exp( 188 / )k RT= × −  
Stoliarov et al. [9] HIPS TGA - 161.2 10 exp( 247 / )k RT= × −  
Stoliarov et al. [9] HDPE TGA - 224.8 10 exp( 349 / )k RT= × −  
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Material type Reference Material Experimental condition Temp. range (K) Kinetic constants 
Non-charring 
polymer 
Kang et al. [224] PMMA 
TGA (5 K/min)c 
TGA (10 K/min) 
TGA (15 K/min) 
TGA (20 K/min) 
- 
162.15 10 exp( 102.461/ )k RT= × −
193.65 10 exp( 118.494 / )k RT= × −
171.35 10 exp( 103.822 / )k RT= × −
233.82 10 exp( 139.502 / )k RT= × −  
Bockhorn et al. [225] PS Isothermal 633-683 82.08 10 exp( 95 / )k RT= × −  
Carniti et al. [226] PS Isothermal 633-693 111 2 6.9 10 exp( 195 / )g gk k RT+ = × −  
Liu et al. [227] PS Isothermal 643-773 41 2 1.16 10 exp( 71.3/ )g gk k RT+ = × −  
Bockhorn and Knumann [228] PE - 473-873 137.2 10 exp( 259 / ) 0.81dk RT n= × − =  
Urzendowski and Guenther 
[228] 
HDPE - 673-758 211.3 10 exp( 304 / )k RT= × −  
Urzendowski and Guenther 
[228] 
LDPE - 648-753 203.1 10 exp( 290 / )k RT= × −  
Ciutacu et al. [229] PE Non-isothermal 
503-653 
653-823 
31.8 10 exp( 66.6 / )k RT= × −  
62.6 10 exp( 121.81/ )k RT= × −  
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Material type Reference Material Experimental condition Temp. range (K) Kinetic constants 
Non-charring 
polymer 
Bockhorn and Knumann [228] PP - 473-873 118.6 10 exp( 224 / ) 0.78k RT n= × − =  
Kiang et al. [228] Isotactic PP - 661-711 133.3 10 exp( 213/ )k RT= × −  
Kiang et al. [228] Atactic PP - 661-711 151.4 10 exp( 234 / )k RT= × −  
Sawaguchi et al. [228] Isotactic PP - - 101.2 10 exp( 173.9 / )k RT= × −  
Sawaguchi et al. [228] Atactic PP - - 102.0 10 exp( 171.8 / )k RT= × −  
Straus and Wall [228] PP - - 142.51 10 exp( 247 / )k RT= × −  
Kannan et al. [230] PP TGA 673-713 
153.2 10 exp( 244 / )k RT= × −  
112.2 10 exp( 188 / )k RT= × −  
Kannan et al. [230] HDPE TGA 673-723 131.9 10 exp( 220 / )k RT= × −  
Kannan et al. [230] LDPE TGA 673-723 
151.0 10 exp( 241/ )k RT= × −  
119.8 10 exp( 201/ )k RT= × −  
Fuoss et al. [228] PS Isothermal 667 245.0 10 exp( 323/ )k RT= × −  
Kuroki et al. [228] PS - 583-653 111.8 10 exp( 152 / )k RT= × −  
Madorsky [228] PS - 608-628 159.0 10 exp( 244 / )k RT= × −  
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Material type Reference Material Experimental condition Temp. range (K) Kinetic constants 
Non-charring 
polymer 
Sato et al. [228] PS - 373-873 113.5 10 exp( 177 / ) 0.75k RT n= × − =  
Kannan et al. [230] PS TGA 638-673 133.3 10 exp( 204 / )k RT= × −  
Grammelis et al. [231] LDPE - - 281.4 10 exp( 437.1/ )k RT= × −  
Grammelis et al. [231] HDPE - - 284.5 10 exp( 445.2 / )k RT= × −  
Grammelis et al. [231] PP - - 243.17 10 exp( 373.4 / )k RT= × −  
Grammelis et al. [231] PS - - 264.0 10 exp( 414.9 / )k RT= × −  
Charring 
polymer 
Ciutacu et al. [229] PA Non-isothermal 563-793 51.9 10 exp( 110.5 / )k RT= × −  
Ciutacu et al. [229] ABS Non-isothermal 
523-743 
743-903 
32.5 10 exp( 83.7 / )k RT= × −  
81.0 10 exp( 169.9 / )k RT= × −  
Grammelis et al. [231] PA - - 162.83 10 exp( 256.6 / )k RT= × −  
Intumescent 
polymer 
Simon [232] PVC - - 
126.61 10 exp( 162.8 / )k RT= × −  
125.88 10 exp( 171.9 / )k RT= × −  
Bockhorn et al. [233] PVC Isothermal 
493-623 
673-823 
192.64 10 exp( 290 / ) 2k RT n= × − =
164.19 10 exp( 260 / ) 1.8k RT n= × − =  
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Material type Reference Material Experimental condition Temp. range (K) Kinetic constants 
Intumescent 
polymers 
Ciutacu et al. [229] PC Non-isothermal 
503-783 
783-893 
82.8 10 exp( 151.5 / )k RT= × −  
83.8 10 exp( 90.4 / )k RT= × −  
Grammelis et al. [231] PC - - 209.33 10 exp( 340.7 / )k RT= × −  
Note: a TGA represents thermogravimetric analysis; 
b DSC represents differential scanning calorimetry;  
c Value in bracket is the heating rate during experiments; and 
d n is the order of reaction, and no mention means first-order reaction. 
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Hadvig and Paulsen [234] 1965 Wood ● ● ●       
Tinney [71] 1965 Wood ● ● ●       
Panton and Rittmann [147] 1971 Organic solid ● ● ●       
Kung [72] 1972 Wood ● ● ●       
Kansa et al. [88] 1977 Wood ● ● ●  ●  ● ●  
White and Schaffer [86] 1978 Wood ● ● ●       
Chan et al. [68] 1985 Biomass ● ● ●  ● ● ● ●  
Parker [85] 1986 Wood ● ● ● ●  ●    
Sibulkin [235] 1986 Charring material ● ● ●       
Capart et al. [236] 1988 Wood ● ● ●       
Alves and Figueiredo [84] 1989 Wood ● ● ● ● ● ● ●   
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Hastaoglu et al. [41] 1989 Wood ● ● ● ● ●   ●  
Koufopanos et al. [237] 1991 Biomass ● ● ●       
Aerts and Ragland [74] 1990 Wood ● ● ● ● ● ●  ●  
Fredlund [238] 1993 Wood ● ● ●  ● ● ●   
Shrestha et al. [239] 1994 Wood ● ●    ●    
Wagenaar et al. [240] 1994 Biomass ● ● ●  ●     
Lede [46] 1994 Biomass ● ● ● ●    ●  
Di Blasi [25-26] 1994 Cellulose ● ● ●  ●  ● ●  
Hastaoglu and Hassam [47] 1994 Wood ● ● ● ● ●   ●  
Saastamoinen et al. [241] 1996 Biomass ● ● ●   ●  ●  
Ahuja et al. [242] 1996 Wood ● ● ●       
Di Blasi [27] 1996 Biomass ● ● ● ● ●  ● ●  
Bilbao et al. [243] 1996 Wood ● ● ●   ●    
Appendix B: A summary of considerations in previous one-dimensional models for wood 
-267- 
 

















Moghtaderi et al. [78] 1997 Wood ● ● ●       
Mogheaderi et al. [244] 1998 Wood ● ● ●  ● ●  ●  
Jia et al. [245] 1999 Charring material ● ● ●       
Larfeldt et al. [42] 2000 Wood ● ● ● ● ●  ● ●  
Janse et al. [246] 2000 Wood ● ● ●  ●   ●  
Gronli and Melaaen [206] 2000 Wood ● ● ●  ● ● ● ●  
Spearpoint and Quintiere 
[189] 
2000 Wood ● ● ●  ● ●    
Peters and Bruch [131,247] 2001 Wood ● ● ●   ●  ●  
Mousques et al. [248] 2001 Wood ● ● ●  ●  ● ●  
Di Blasi [28] 2002 Wood ● ● ● ●   ● ●  
Hagge and Bryden [48] 2002 Biomass ● ● ● ● ● ● ● ●  
Klose and Schinkel [120] 2002 Wood ● ●  ●    ●  
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Bryden et al. [54] 2002 Wood ● ● ● ● ● ● ● ●  
Bruch et al. [121] 2003 Wood ● ● ● ● ● ● ● ●  
Babu and Chaurasia 
[80,249-251] 
2003 Wood ● ● ●  ●  ● ●  
Bellais et al. [44,252] 2003 Wood ● ● ● ●    ●  
Janssens [253] 2004 Wood ● ● ● ●  ●   ● 
Galgano and Di Blasi [29] 2004 Wood ● ● ● ●  ●    
Theuns et al. [116,254] 2005 Charring material ● ● ● ●      
Shen et al. [255] 2007 Wood ● ● ●   ●    
Yang et al. [117] 2007 Waste ● ● ● ● ● ●  ●  
Vijeu et al. [113] 2008 Wood ● ● ●  ● ● ● ●  
Sadhukhan et al. [118,256] 2008 Biomass ● ● ● ●   ●   
Craft et al. [257] 2008 Wood frame ● ● ●  ● ● ● ●  
Appendix B: A summary of considerations in previous one-dimensional models for wood 
-269- 
 

















Larfeldt et al. [119] 2008 Wood ● ● ● ● ● ● ● ●  
Ratte et al. [112] 2009 Wood ● ● ●  ● ● ● ●  
Lautenberger and 
Fernandez-pello [38] 
2009 Wood ● ● ●  ● ● ● ●  
Grieco and Baldi [258] 2011 Wood ● ● ●  ● ●    
Dufour et al. [259] 2011 Biomass ● ● ●  ●  ●   
He and Behrendt [58] 2011 Biomass ● ● ● ● ● ●    
Shi and Chew [260-261] 2012 Wood ● ● ● ●  ●  ●  
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Appendix C: A summary of considerations in previous one-dimensional models for non-charring 
polymers 

















Di Blasi et al. [30,262] 1991 PMMA ● ● ●  ●     
Quintiere and Iqbal [263] 1994 PMMA ● ● ●       
Di Blasi [31] 1996 PMMA ● ● ●       
Moghtaderi et al. [78] 1997 PMMA ● ● ●       
Staggs [264-265] 1999 
PMMA, 
PE 
● ● ● ●      
Di Blasi [3] 1999 PE ● ● ●     ●  
Bourbigot et al. [133] 1999 PP ● ● ● ● ●  ● ●  
Zhou and Fernandez-Pello [135] 2000 PP ● ● ● ●      
Zhou et al. [22] 2002 PMMA ● ● ●       
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Esfahani and Kashani [266] 2006 PMMA ● ● ●  ●     
Rein and Bal [267-268] 2008 PMMA ● ● ●       




● ● ● ● ● ●  ●  
Lautenberger and 
Fernandez-Pello [36-37] 
2009 PMMA ● ● ● ● ● ● ● ●  
Chaos et al. [269] 2011 PMMA ● ● ● ●      
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Di Blasi [32] 1997 Waste ●  ●  ●  ●        ●   
Krysl et al. [270] 2004 Polymer sandwich ●  ●  ●             
Gu and Asaro [50,82] 2005 Polymer sandwich ●  ●    ●          ●  
Salvador et al. [271] 2008 Cardboard and PE ●  ●  ●   ●  ●  ●  ●   
Lautenberger and 
Fernandez-Pello [36-37] 
2009 Charring material ● ● ● ● ● ● ● ●  
Galgano et al. [111] 2010 Polymer sandwich ●  ●  ●    ●  ●  ●  ●   
Luo et al. [51] 2011 Polymer sandwich ●  ●  ●  ●      ●  ●  
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Appendix E: A summary of considerations in previous one-dimensional models for intumescent 
polymers 

















Anderson et al. [43,272] 1984 Coating ●  ●  ●  ●           
Buckmaster et al. [137] 1986 Coating ●  ●  ●  ●            
Henderson and Wiecek 
[52,115] 
1987 H41N ●  ●  ●  ●  ●    ●  ●   
Florio et al. [53] 1991 H41N ●  ●  ●  ●  ●    ●  ●    
Looyeh et al. [273] 1997 GRP panel ●  ●  ●             
Shih et al. [138] 1998 Coating ●  ●  ●  ●  ●    ●  ●   
Dodds et al. [274] 2000 GRP panel ●  ●  ●              
Bhargava et al. [134] 2000 Epoxy composite ●  ●    ●           
Stagges [55,275-276] 2000 PVC ●  ●  ●  ● ●    ●  ●   
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Di Blasi and Branca [33] 2001 Coating ●  ●  ●  ●  ●      ●   
Di Blasi [34] 2004 Coating ●  ●  ●  ●  ●      ●   
Gibson et al. [277] 2006 Polyester/E-glass ●  ●  ●            ●  
Bahramian et al. [132] 2006 Phenolic resin ●  ●  ●  ●  ●      ●    
Trelles and Lattimer [278] 2007 Phenolic composite ●  ●  ●             
Feih et al. [49,83,144] 2007 Vinyl ester ●  ●  ●  ●          ●  
Bai et al. [279-280] 2008 FRP ●  ●  ●  ●         ●  
Farkas et al. [281] 2008 Epoxy resin ●  ●  ●    ●    ●  ●    
Lautenberger and 
Fernandez-Pello [36-37] 
2009 Coating ● ● ● ● ● ● ● ●  
Griffin [136] 2010 Coating ●  ●  ●  ●  ●   ●    
Stoliarov et al. [5] 2010 PC, PVC ●  ●  ●  ●  ●  ●    ●    
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Appendix F: Experimental photos 
Wood sample prepared for experiments 
 
 
Wood residue under 25 kW/m2 heat flux 
   
(a) 10 mm (b) 20 mm (c) 30 mm 
 
Wood residue under 50 kW/m2 heat flux 
   
(a) 10 mm (b) 20 mm (c) 30 mm 
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Wood residue under 75 kW/m2 heat flux 
   
(a) 10 mm (b) 20 mm (c) 30 mm 
 
Polymer samples prepared for experiments 
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ABS before and after experiment 
 
 
PC before and after experiment 
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Appendix G: Main code of FSOLID 
function FSolid(H, q, t, dt, dx0, Material) 
% FORMAT FSOLID(H, Q, T, DT, DX0, MATERIAL) 
%  
% H, thickness of sample, mm; 
% q, external heat flux, kW/m2; 
% t, calculation time, s; 
% dt, time step, s; 
% dx0, initial grid size, mm; and 
% Material, analyzed combustible materials. 
% 
% * This program has considered a one-dimensional domain, which describes  
% pyrolysis reactions of combustible materials in solid phase. This program is  
% a part of FiresCone. 
% 
% * Latest version has been done on May 3rd, 2013. 
 
% $$$$$$$$$$$$$$$$$$$$ (1) PRE-SETTING $$$$$$$$$$$$$$$$$$$$$$$$ 
clc, tic;%The beginning of calculation 




% $$$$$$$$$$$$$$$$$$$$$ (2) MODELING INPUT $$$$$$$$$$$$$$$$$$$ 
run(Material);% Model input 
M=round(H/dx0)+2;% Grid number 
N=round(t/dt); 
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% Dry density 
MP(find(MP(1:Ns,1)==1),4)=(1-X0)/(1/Den0-X0/Denl0); 
 





% $$$$$$$$$$$$$$$$ (3) SPACE RESEARVATION $$$$$$$$$$$$$$$$$$$ 
for i=1:Ns 
















% For gas phase 
VgB(N,1)=0; 
TgB(N,1)=0; 






% $$$$$$$$$$ $$$$$$(4) INITIAL CALCULATIONS $$$$$$$$$$$$$$$$$$ 
for i=1:Ns 






















% $$$$$$$$$$$$$$$$$$(5) CALCULATION PART $$$$$$$$$$$$$$$$$$$ 
for i=1:Ns 
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    % Show the calculation time every 1 percent 
    if mod(k,N/100)==1 
        CMark=CMark+1; 
        CTime(CMark)=toc; 
        TNeed(k, N, CMark, CTime); 
    end 
     
    % Beginning of Iteration 
    Dens_old=Dens_0; 
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    Denl_old=Denl_0; 
    Deng_old=Deng_0; 
    Yl_old=Yl_0; 
    Yg_old=Yg_0; 
    dx_old=dx_0; 
    Ug_old=Ug_0; 
    Ul_old=Ul_0; 
    T_old=T_0; 
    P_old=P_0; 
     
    % Initial calculation of thermal properties 
    [V_0, dx_0, Phi_0, Gamag_0, Dg_0, Gamal_0, Dl_0, Lam_0, Eps_0, 
Kap_0, Mg_0] = SProperty(T_0, Dens_0, Denl_0, Yg_0, Dent, dx0, 
A0, MP, Ns, Nl, Ng); 
     
    while 1==1 
        % Property 
        [V, dx_new, Phi, Gamag, Dg, Gamal, Dl, Lam, Eps, Kap, Mg] = 
SProperty(T_old, Dens_old, Denl_old, Yg_old, Dent, dx0, A0, 
MP, Ns, Nl, Ng); 
         
        % Radiation heat 
        Qrad = QsSolver(dx_new, V, Kap, Eps, MP, q, M); 
        % Reaction heat and Reaction rate 
        [Qreac, Dens_new, Thetal, Thetag] = RsSolver(Dens_old, Denl_old, 
Deng_old, Yl_old, Yg_old, T_old, Dens_0, RProp, RCoef, 
RReac, MP, dt, Ns, Ng, Nl, M, R); 
         
        % Pressure 
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        P_new = PsSolver(Deng_old, P_old, T_old, dx_new, Mg, Phi, 
Thetag, P_0, T_0, Mg_0, Phi_0, P0, MP, Gamag, dt, M, Ns, Nl, 
Ng, R); 
         
        % Density of Gas 
        Deng_new=P_new.*Mg./(R*T_old); 
         
        % Density of Liquid 
        Denl_new = DlSolver(P_new, Denl_old, Denl_0, Thetal, dx_new, dt, 
Gamal, MP, M, Ns, Nl, Ng); 
         
        % Liquid velocity 
        for i=3:M-2 
Ul_new(i,1)=2*(dx_new(i)*Gamal(i-1)+dx_new(i-1)*Gamal(i)*
(P_new(i-1)-P_new(i))/(MP(Ns+1,5)*(dx_new(i-1)+dx_     
new(i))^2); 




        Ul_new(M,1)=Ul_new(M-1,1); 
         
        % Gas velocity 




        End 
        Ug_new(M-1,1)=2*(dx_new(M-1)*Gamag(M-2)+dx_new(M-2)*Ga 






        Ug_new(M,1)=Ug_new(M-1,1); 
         
        % Mass fraction of liquid 
        if Nl==1 
            Yl_new(1:M,1)=1; 
        else 
            Yl_new(1:M,Nl)=1; 
            for i=1:Nl-1 
                Yl_new(:,i) = YsSolver(P_new, Denl_new, dx_new, 
Yl_old, Yl_0, Denl_0, Phi_0, Dl, ones(M,1), 
Gamal, Thetal, MP, M, i, dt, Ns, Nl, Ng); 
                Yl_new(:,Nl)=Yl_new(:,Nl)-Yl_new(:,i); 
            end 
        end 
         
        % Mass fraction of gas 
        Yg_new(1:M,Ng)=1; 
        for i=1:Ng-1 
            Yg_new(:,i) = YsSolver(P_new, Deng_new, dx_new, Yg_old, 
Yg_0, Deng_0, Phi_0, Dg, Phi, Gamag, Thetag, MP, M, i, 
dt, Ns, Nl, Ng); 
            Yg_new(:,Ng)=Yg_new(:,Ng)-Yg_new(:,i); 
        end 
         
        % Temperature 
        T_new = TsSolver(Dens_new, Denl_new, Deng_new, Yl_new, 
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Yg_new, P_new, dx_new, T_old, Dens_0, Denl_0, Deng_0, 
Yl_0, Yg_0, T_0, Phi_0, Gamal, Gamag, Qrad, Qreac, Lam, 
Eps, Phi, dt, q, MP, T0, HS, HB, Sig, M, Ns, Nl, Ng); 
         
        % Flux Correction 
        Denl_new=Correct(Denl_new);% Liquid 
        Yl_new=Correct(Yl_new); 
        Deng_new=Correct(Deng_new);% Gas 
        Yg_new=Correct(Yg_new); 
         
        % Judgement criteria 
        if max(max(abs(T_new-T_old)))<error 
            break; 
        end 
         
        % Circle 
        Dens_old=Dens_new; 
        Denl_old=Denl_new; 
        Deng_old=Deng_new; 
        Yl_old=Yl_new; 
        Yg_old=Yg_new; 
        dx_old=dx_new; 
        Ug_old=Ug_new; 
        Ul_old=Ul_new; 
        T_old=T_new; 
        P_old=P_new; 
        IterN=IterN+1; 
    end 
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    % Output data every second 
    if mod(k,1/dt)==0 
        for i=1:Ns 
            Dens{i}(:,Sec)=Dens_new(:,i); 
        end 
        Denl(:,Sec)=Denl_new; 
        Deng(:,Sec)=Deng_new; 
        for i=1:Nl 
            Yl{i}(:,Sec)=Yl_new(:,i); 
        end 
        for i=1:Ng 
            Yg{i}(:,Sec)=Yg_new(:,i); 
        end 
        dx(:,Sec)=dx_new; 
        Ug(:,Sec)=Ug_new; 
        Ul(:,Sec)=Ul_new; 
        T(:,Sec)=T_new; 
        P(:,Sec)=P_new; 
        Sec=Sec+1; 
end 
 
    % Output data every time step for gas phase 
    VgB(k,1)=Ug_new(M)*Deng_new(M)/Deng0; 
    TgB(k,1)=T_new(M); 
    YgB(k,:)=Yg_new(M,:); 
     
    % Circle 
    Dens_0=Dens_new; 
    Denl_0=Denl_new; 
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    Deng_0=Deng_new; 
    Yl_0=Yl_new; 
    Yg_0=Yg_new; 
    dx_0=dx_new; 
    Ug_0=Ug_new; 
    Ul_0=Ul_new; 
    T_0=T_new; 
    P_0=P_new; 
end 
 
% $$$$$$$$$$(6) SAVE DATA AND CALCULATION TIME $$$$$$$$$$$ 
fprintf('  Saving the data, please wait!\n'); 
save(Material); 
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Appendix H: Main code of FGAS 
function FGAS(H0, W0, dx, dy, Scenario) 
% FORMAT FGAS(H0, W0, DX, DY, SCENARIO) 
% 
% H0, height of computational domain, mm; 
% W0, width of computational domain, mm; 
% dx, dy, grid size in X and Y direction, mm; and 
% Scenario, including the information of analyzed combustible materials,  
% external heat flux, and thickness of samples. 
%  
% * This program considered a two-dimensional computational domain. It is  
% used to describe combustion processes of gas volatiles exhausted from solid  
% phase. This program is part of FiresCone. Boundary conditions (Inlet flow)  
% of gas phase are dependent on flow from solid phase. 
% 
% * Latest version has been done on 10th August, 2013. 
 
% $$$$$$$$$$$$$$$$$$$$$$$$ (1) PRE-SETTING $$$$$$$$$$$$$$$$$$$$ 
clc, tic;%The beginning of calculation 





% $$$$$$$$$$$$$$$$$ (2) GRID AND CALCULATION$$$$$$$$$$$$$$$$ 
M=round(H0/dy)+2;% Number of grid in Y direction 
N=round(W0/dx)+2; 
Nt=round(t/dt);% Number of time steps 
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% $$$$$$$$$$$$$$$$$ (3) SPACE RESEARVATION $$$$$$$$$$$$$$$$$$ 
Deng(M-1,N-1,t)=0;% Density of gas 
Ug(M-1,N-1,t)=0;% Velocity in X direction 
Vg(M-1,N-1,t)=0;% Velocity in Y direction 
Tg(M-1,N-1,t)=0;% Temperature of gas 
for i=1:Ng% Mass fraction 
    Yg{i}(M-1,N-1,t)=0; 
end 
Pg(M-1,N-1,t)=0;% Gas pressure 
 







    Yg{i}(1:M-1,1:N-1,1)=YgB(1,i); 
end 
 







    Yg_0{i}(1:M,1:N)=YgB(1,i); 
End 
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    Yg_0{i}(1,1:BX)=YgB(1,i); 
End 
 




    % Show the calculation time every 1 percent 
    if mod(k,Nt/100)==1 
        CMark=CMark+1; 
        CTime(CMark)=toc; 
        TNeed(k, Nt, CMark, CTime); 
    end 
     
    % Calculation part (1) 
    Deng_old=Deng_0; % Initialize value 
    Ug_old=Ug_0; 
    Vg_old=Vg_0; 
    Pg_old=Pg_0; 
    IterN1=1; 
    while 1==1 
        % U Velocity 
        Ug_new = UgSolver(Deng_new, Ug_old, Vg_old, Pg_old, Deng_0,  
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Ug_0, M, N, dx, dy, dt, Miu, Deng0, gx, TY, TX, RY, BX, 
SX); 
         
        % V Velocity 
        Vg_new = VgSolver(Deng_new, Ug_old, Vg_old, Pg_old, Deng_0, 
Vg_0, M, N, dx, dy, dt, Miu, Deng0, VgB(k), VgT, gy, TY, TX, 
RY, BX, SX); 
         
        % Pressure 
        P_new = PgSolver(Deng_new, Ug_new, Vg_new, Deng_0, M, N, 
dx, dy, dt, Miu, TY, BX, SX); 
         
        % New U, V, and P 
        [Ug_new, Vg_new, Pg_new] = GRevise(Deng_new, Ug_new, 
Vg_new, P_new, Ug_old, Vg_old, Pg_old, M, N, dx, dy, dt, 
Miu, VgB(k), VgT, TY, TX, RY, BX, SX); 
         
        % Pressure again 
        P_new = PgSolver(Deng_new, Ug_new, Vg_new, Deng_0, M, N, 
dx, dy, dt, Miu, TY, BX, SX); 
         
        % New U, V, and P again 
        [Ug_new, Vg_new, Pg_new] = GRevise(Deng_new, Ug_new, 
Vg_new, P_new, Ug_old, Vg_old, Pg_new, M, N, dx, dy, dt, 
Miu, VgB(k), VgT, TY, TX, RY, BX, SX); 
         
        % Judgement criteria 
        bp=BError(Deng_new, Ug_new, Vg_new, Deng_0, M, N, dx, dy, 
dt); 
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        if max(max(bp))<=error 
            break; 
        end 
         
        % Circle 
        Deng_old=Deng_new; 
        Ug_old=Ug_new; 
        Vg_old=Vg_new; 
        Pg_old=Pg_new; 
        IterN1=IterN1+1; 
    end 
     
    % Calculation Part (2) 
    Tg_old=Tg_0; % Initialize value 
    Yg_old=Yg_0; 
    IterN2=1; 
    while 1==1 
        % Reaction rate 
        [Qrad, Qreac, Thetag] = RgSolver(Deng_new, Tg_old, Yg_old, 
RProp, RReac, RCoef, dt, Nr, Ng, M, N, R); 
     
        % Temperature 
        Tg_new = TgSolver(Deng_new, Ug_new, Vg_new, Tg_old, Yg_old, 
Deng_0, Tg_0, Qrad, Qreac, M, N, dx, dy, dt, Lam, Cp, TgB(k), 
TH, Tg0, TY, TX, RY, BX); 
         
        % Mass fraction 
        Yg_new{Ng}(1:M,1:N)=1; 
        for ii=1:Ng-1 
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             Yg_new{ ii} = YgSolver(Deng_new, Ug_new, Vg_new, 
Tg_new, Yg_old, Deng_0, Yg_0, Thetag, ii, M, N, dx, 
dy, dt, Dg, YgB(k,:), Yg0, TY, TX, RY, BX); 
             Yg_new{Ng}=Yg_new{Ng}-Yg_new{ii}; 
        end 
         
        % Flux Correction 
        for i=1:Ng 
            Yg_new{i}=Correct(Yg_new{i}); 
        end 
         
        % Judgement criteria 
        if max(max(abs(Yg_new{Ng}-Yg_old{Ng})))<=error 
            break; 
        end 
         
        % Circle 
        Tg_old=Tg_new; 
        Yg_old=Yg_new; 
        IterN2=IterN2+1; 
    end 
     
    % Save the data every 1 second 
    if mod(k,1/dt)==0 
        Deng(:,:,Sec)=FOutput(Deng_new,1); 
        Ug(:,:,Sec)=FOutput(Ug_new,2); 
        Vg(:,:,Sec)=FOutput(Vg_new,3); 
        Tg(:,:,Sec)=FOutput(Tg_new,1); 
        Pg(:,:,Sec)=FOutput(Pg_new,1); 
Appendix H: Main code of FGAS 
-294- 
 
        for ii=1:Ng 
            Yg{ii}(:,:,Sec)=FOutput(Yg_new{ii},1); 
        end 
        Sec=Sec+1; 
    end 
     
    % ------------------------------ Circle ------------------------------- 
    Deng_0=Deng_new; 
    Ug_0=Ug_new; 
    Vg_0=Vg_new; 
    Tg_0=Tg_new; 
    Pg_0=Pg_new; 
    Yg_0=Yg_new; 
end 
 
% $$$$$$$$$(6) SAVE DATA AND CALCULATION TIME $$$$$$$$$$$ 
fprintf('  Saving the data, please wait!\n'); 
save(Scenario); 
fprintf('The whole calculation time is %6.2f seconds.\n', toc); 
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